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Die vorliegende Dissertation beschreibt die Polymerisation neuer Titan-oxo-
Verbindungen, sogenannter Zwillingsmonomere, zur Herstellung von TiO2/Polymer-
Hybridmaterialien. 
Die Ergebnisse der Arbeit sind in 5 Kapitel dargestellt. Der Forschungsschwerpunkt 
liegt auf neuen Titan-haltigen Verbindungen, die kationisch polymerisierbar sind. In 
der vorliegenden Arbeit werden die Synthese und die Charakterisierung dieser neuen 
Titan-oxo-Monomere beschrieben. Ein weiterer Teil beschäftigt sich mit dem 
kationischen Polymerisationsverhalten dieser Verbindungen, welche dem Typ der 
„Zwillingspolymerisationen“ zugeordnet werden kann. Die Charakterisierung der 
dabei entstehenden nanostrukturierten Hybridmaterialien aus Titandioxid und 
organischen Polymeren wird beschrieben. Als Vergleich dienen 
Simultanpolymerisationen von Titanalkoxiden und polymerisierbaren organischen 
Alkoholen. 
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Die Synthese von Hybridmaterialien mit einstellbaren Eigenschaften ist in den letzten 
Jahren zu einem expandierenden Forschungsgebiet in der Materialchemie 
geworden. [1] Ein Grund für diese Entwicklung ist, dass Hybridmaterialien 
verschiedene wissenschaftliche Disziplinen vereinen. Naturwissenschaftler und 
Ingenieure erkannten früh, dass Mischungen von Materialien, im Vergleich zu den 
Reinmaterialien, bessere Eigenschaften zeigen können. Obwohl der Zeitpunkt der 
„Geburt“ von Hybridmaterialien nicht exakt bestimmt werden kann, zeigen Gemälde 
der Antike, dass schon vor tausenden von Jahren Farbstoffe oder anorganische 
Pigmente mit anderen anorganischen bzw. organischen Komponenten gemischt 
wurden, um Farben herzustellen. [2] 
Echte Hybridmaterialien weisen neue Eigenschaften auf, die von denen der 
Ausgangsstoffe verschieden sind. Dieser Qualitätssprung ist allerdings nicht bei jeder 
beliebigen Kombination von zwei verschiedenen Materialien zu erzielen. Einfache 
Mischungen weisen oft nur die spezifischen Eigenschaften der individuellen 
Komponenten auf, zum Beispiel, wenn TiO2-Partikel mit einem Polymer vermischt 
wurden. Entscheidend für die Ausbildung neuer Eigenschaften ist, dass beide 
Komponenten in nanodimensionierte Formen vorliegen und das 











Abbildung A1. Das Verhältnis von Oberflächenatomen zu der Gesamtzahl an 
Atomen eines Partikels (A/V) in Abhängigkeit der Dimension des Partikels (d). [3] 
 
Aus diesem Grund ist die Herstellung von nanostrukturierten Hybridmaterialien der 
Schlüssel, um neue Materialklassen zu konzipieren und herzustellen. 
Hybridmaterialien sind aber keine Erfindung der letzten fünfzig Jahre. Jedoch wurde 
erst in jüngster Zeit, durch die Entwicklung und Verfügbarkeit von neuen 
Analysemethoden [1], das Potential der Nanotechnologie in der Wissenschaft 
realisiert und dadurch neue Methoden zur Synthese von nanoskaligen 
Hybridmaterialien entwickelt. 
Auf der Nanoskala kombiniert die Natur durch Evolution seit über 500 Millionen 
Jahren organische und anorganische Elemente zu natürlichen Hybridmaterialien, 
auch Biomaterialien genannt. Dabei spielen Kombinationen von organischen 
Polymeren, wie Polysaccharide und Polypeptide (Proteine), mit anorganischen 
Oxiden und Salzen eine entscheidende Rolle für die Funktion bzw. Struktur von 
Organen aller Tier- und Pflanzenarten der Erde. Die hohe Anzahl an 
Materialkombinationen, die in der Natur vorkommen, resultiert in einer riesigen 
Vielfalt an Materialeigenschaften, die von weichen-, über elastischen- bis hin zu 
harten Materialen reicht. Ein Beispiel für die Leistungsfähigkeit von Biomaterialien 
sind menschliche Knochen. Die Knochensubstanz besteht aus Knochenzellen 













setzt sich ein Knochen aus über 200 Komponenten zusammen und kann daher als 
Hybridmaterial angesehen werden. [4-5]. Resultierende Eigenschaften des Knochens 
sind Härte und Stabilität und werden maßgeblich von zwei Hauptbestandteilen, dem 
Hydroxylapatit (43 %) und dem Kollagen Typ I (36 %), bestimmt. Hydroxylapatit 
(Apatit-(CaOH) − Ca5(PO4)3(OH)) ist die härteste im menschlichen Körper 
vorkommende Verbindung. Kollagen Typ I ist ein Protein und besitzt eine enorme 
Zugfestigkeit. Strukturell besteht es aus einer rechtsgängigen Helix, die durch 
Wasserstoffbrückenbindungen aus drei linksgängigen α-Tropokollagenketten 
gebildet wird. Auffallend an der Primärstruktur (Aminosäuresequenz) des Kollagen 
Typ I ist, dass jede dritte Aminosäure Glycin ist. Eine seltene Erbkrankheit, die 
Osteogenesis imperfecta umgangssprachlich auch als „Glasknochenkrankheit“ 
bezeichnet, verhindert den exakten Aufbau von Kollagen Typ I. Das Krankheitsbild 
zeichnet sich durch eine stark erhöhte Knochenbrüchigkeit aus. Die Ursache dieser 
Krankheit liegt in einer Punktmutation der Erbinformation und bewirkt den Austausch 
von Glycin durch eine andere (größere) Aminosäure. Dadurch wird die „Verdrillung“ 
der Kollagentripelhelix behindert und das veränderte Protein besitzt, im Vergleich zu 
Kollagen Typ I, eine wesentlich niedrigere Zugfestigkeit. Als Konsequenz verliert das 
„Hybridmaterial“, der Knochen, durch die Änderung eines Bestanteils die 
gewünschten Eigenschaften Härte und Stabilität. [4-5] 
Dieses Beispiel soll verdeutlichen, wie geringe Veränderungen in der molekularen 
Struktur der Einzelkomponenten sich dramatisch auf Bulkeigenschafen eines 
Materials ausüben können. Die Aufgabe dieser Arbeit war die Entwicklung einer 
neuen Synthese von nanostrukturierten TiO2-basierten/Polymer-Hybridmaterialien 
mit Hilfe einer neueren Polymerisationsstrategie der Zwillingspolymerisation. 
Das Hauptanliegen dieser Arbeit ist zu zeigen, inwieweit es möglich ist, 
nanostrukturierte TiO2-Hybridmaterialien über diesen Weg zu synthetisieren und 
inwieweit diese Strategien Vorteile im Vergleich zu etablierten Verfahren, wie der 
Simultanpolymerisation, aufweist. 
Zu den einzelnen Punkten werden in den folgenden Kapiteln Ausführungen erfolgen. 
Die Literatur zur Herstellung von TiO2-Hybridmaterialien ist sehr umfangreich. In den 
einzelnen Kapiteln wird in der Einleitung auf relevante Literatur eingegangen. 
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Die Ergebnisse sind in Form von Publikationen in New J. Chem., Adv. Mat., Angew. 
Chem., Chem Commun. und in Macromol. Chem. Phys. erschienen. 
 
A.1. Strategien zur Herstellung von Hybridmaterialien 
 
Makromolekulare Nanomaterialien mit gezielt einstellbaren Eigenschaften wie Härte, 
definierter Nanogeometrie und Größenverteilung, Porosität oder katalytischer 
Oberflächeneigenschaften gewinnen in der Technik eine immer größere Bedeutung. 
In den letzten Jahren wurden verschiedene Konzepte entwickelt, um definierte 
Nanostrukturen im Größenbereich von 2 bis 100 nm zu synthetisieren. [1;6−7] 
Die außerordentlichen physikalischen und chemischen Eigenschaften von 
anorganischen Nanobausteinen können durch Kombination mit einer organischen 
Matrix völlig neuartige funktionelle Materialien entstehen lassen. Eine 
Herausforderung in der Synthese dieser Materialien ist das große Verhältnis von 
Oberfläche zu Volumen der beiden Komponenten untereinander in der Matrix. 
Diesem Umstand sind die neuartigen Eigenschaften zu verdanken, bedingen aber 
auch intrinsische Probleme in deren Herstellung. Ungünstige energetische 
Wechselwirkungen und niedrige Mischungsentropien von Nanonetzwerken hemmen 
eine Durchmischung bis in den Bereich der molekularen Größenordnung. Bekannte 
Ansätze zur Herstellung nanostrukturierter, makromolekularer Materialien bedienen 
sich klassischer Polymerisationsprozesse, wobei Templat-assistierte 
Polymerisations- bzw. Sol-Gel-Prozesse oder Simultanpolymerisationen eine Rolle 
spielen [7]. Dabei nutzt man strukturbildende Auxiliare, wie Tenside, 
Blockcopolymere oder andere Polymere (Polypeptide, Kohlenhydrate) [7], mit der 
Fähigkeit zur Selbstorganisation. 
Trotz vieler etablierter Synthesekonzepte bestehen noch eine Reihe von 
Herausforderungen für die Entwicklung von nanostrukturierten Hybridmaterialien. Es 
existieren bisher noch keine gesicherten Syntheseprinzipien, mit denen 
unterschiedliche Elemente, wie Übergangsmetalle oder Hauptgruppenelemente, in 
beliebiger Art und Zusammensetzung nach gesicherten Vorschriften zu 
Nanokompositen verarbeitet werden können. Eine weitere große Herausforderung ist 
die Entwicklung von Synthesen zur Herstellung von Nanokompositwerkstoffen, 
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strukturiert im Größenbereich vom Molekül zur Nanostruktur, das heißt, von 0.5 nm 
bis ca. 2 nm. Damit liegt der Größenbereich der koexistierenden Domänen auf der 
Längenskala der kurzreichweitigen, intermolekularen Wechselwirkung. Die 
zwischenmolekularen Wechselwirkungen und die Energiedissipation auf molekularer 
Ebene führen, im Vergleich zu denen der individuellen Komponente, zu qualitativ 
neuen makroskopischen Eigenschaften der Kompositmaterialien. Ein Nanokomposit 
mit dieser Größenstrukturierung ist zudem als potentieller Precursor zur Herstellung 
hochporöser Oxide oder organischer Polymernetzwerke tauglich, die zum Beispiel für 
die Gasspeicherung geeignet sind. Aus diesem Grund wird dieses Gebiet weltweit 
mit sehr hoher Intensität und unter Berücksichtigung verschiedenster Materialklassen 
erforscht und bearbeitet [1;6−11]. 
Eine molekulare Fixierung von individuellen Polymersträngen (organischer oder 
anorganischer Natur) ohne nennenswerte Aggregation im Nanometerbereich kann 
auch erfolgen, wenn durch Vernetzungsreaktionen zwei sich bildende 
Makromoleküle nicht mehr separieren können. Das gelingt unter anderem, wenn 
zwei Monomere in einem System simultan polymerisieren, so dass sie nahezu auf 
gleicher Zeitskala interpenetrierend vernetzen [12]. Dabei spielt neben der 
kinetischen Kontrolle der Polymerisation die Wechselwirkung zwischen den sich 
bildenden polymeren Phasen (Thermodynamik) eine wichtige Rolle. Die 
Simultanpolymerisation soll demzufolge als die gleichzeitige oder zeitlich 
unwesentlich versetzte Polymerisation von zwei strukturell unterschiedlichen 
Monomeren in einem System definiert werden. Da sich naturgemäß beide Prozesse 
immer gegenseitig beeinflussen, ist eine gezielte Morphologiekontrolle oft nur sehr 
schwer zu bewerkstelligen. Diese Art der Simultanpolymerisation wird demzufolge in 
Lehr- und Fachbüchern oft nur am Rande erwähnt. Allerdings wird die vom Prinzip 
her einfache simultane Stufenpolymerisation zur Herstellung 
anorganisch/organischer Hybridmaterialien breit genutzt, zumal auch der Sol-Gel-
Prozess in die Gruppe der Stufenpolymerisationen einzuordnen ist. 
 
Nanoskaliges Titandioxid ist von Bedeutung als Photokatalysator, als Pigment, und 
beispielsweise für Photovoltaik-Anwendungen aufgrund der elektronischen, 
optoelektronischen und katalytischen Eigenschaften. [13] Ein bekannterer 
Syntheseweg ist der hydrolytische Sol-Gel-Prozess. Titanoxide und / oder deren 
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Vorstufen werden durch Hydrolyse und Kondensation von Titanalkoxiden bei 
niedrigen Temperaturen hergestellt. [14−17] Der hydrolytische Sol-Gel Ansatz 
erfordert die Wasserzugabe zur Hydrolyse der Präkursoren unter Bildung von 
Nebenprodukten (beispielsweise Alkoholen) und der damit verbundenen Bildung 
eines Gels. Allerdings wird bei der Trocknung titanoxidhaltiger Gele meist eine 
beträchtliche Schrumpfung beobachtet. 
Nichtwässrige Synthesewege erlauben dagegen die Steuerung der Form, Größe und 
Kristallinität von Metalloxiden und sind darüber hinaus leicht zu handhaben, 
verglichen mit wässrigen Sol-Gel-Verfahren. [18−21] Die Hauptbeschränkung dieses 





Die zentrale Aufgabe der vorliegenden Arbeit war es, den neuen Polymerisationstyp, 
die Zwillingspolymerisation (ZP), zur Synthese von nanoskaligen TiO2-haltigen 
Hybridmaterialien zu entwickeln. 
Demzufolge stand zunächst die Synthese und Charakterisierung neuer 
polymerisationsfähiger Monomere, die neben einer Titankomponente, eine zweite 
polymerisierbare Komponente beinhalten, im Vordergrund. Der zweite Schwerpunkt 
dieser Arbeit war das Polymerisationsverhalten der neu synthetisierten 
Titanmonomere zu untersuchen. Als Vergleichs- bzw. Referenzexperimente zu den 
ZP dienten Simultanpolymerisationen von geeigneten Titanalkoxiden und kationisch 
polymerisierbaren Alkoholen. 
Den bisherigen Zwillingspolymerisationen lagen polymerisierbare Bor- und Si-
Verbindungen folgender Strukturen zugrunde. 
 (Aryl-CH2-O-)x-M M = B, X = 3 
 M = Si, X = 4 
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Ausgangspunkt für diese Arbeit war die Synthese analoger Verbindungen des Titans, 
welche bisher nicht literaturbekannt waren. Im Zentrum der Arbeit stand die Synthese 
folgender Ti-haltiger Verbindungen. 
 





 Bei den Synthesen ergaben sich neue Aspekte, die klar zeigten, dass keine 
Zielgerechte Übertragung der Chemie des Siliziums auf Titan möglich war. An Stelle 
der oben genannten theoretisch, anvisierten Verbindungen wurde eine neue 
Substanzklasse vom Ti-oxocluster erhalten, welche den Kernpunkt dieser Arbeit 
darstellt. 
Die Charakterisierung der verschiedenen Hybridmaterialien sollte Aufschluss über 
die strukturellen Unterschiede geben und gegebenenfalls Rückschlüsse auf die 
zugrunde liegenden Reaktionsmechanismen zulassen. Das Hauptaugenmerk lag 
dabei auf die Zusammensetzung der organischen und anorganischen 
Polymerkomponenten im Nanometerbereich. Speziell der Einfluss der kovalenten 
Bindung zwischen den kationisch polymerisierbaren organischen Einheiten und Titan 
und dem daraus resultierenden Aufbau der Hybridmaterialien sollte untersucht 
werden. 
Ein weiterer Teil dieser Arbeit beschäftigte sich mit simultanen 
Zwillingspolymerisationen von Si- und Ti-haltigen Zwillingsmonomeren. Sowohl die 
X O








anorganische Komponente als auch die organische Komponente sollte variiert 
werden. Ziel war es Hybridmaterialien als auch Mischoxide zu synthetisieren. 
Die Ergebnisse sind in Form von Publikationen in New J. Chem., Adv. Mat., Angew. 




[1] Hybrid Materials, ed by G. Kickelbick, Wiley VCH 2007, ISBN 978-3-527-
 31299-3. 
[2] S. Struckmeier, Chem. Unserer Zeit, 2003, 37, 402−409. 
[3] Atomistic and Continuum Modeling of Nanocrystalline Materials, ed by M. 
 Cherkaoui and L. Capolungo, Springer 2009, ISBN 978-0-387-46765-8. 
[4] W. G. Cole, J. Pediatr. Orthop. B, 1993, 13, 392−403. 
[5] R. Smith, Curr. Orthop., 1999, 13, 218−222. 
[6] C. Sanchez, F. Ribot, New J. Chem., 1994, 18, 1007. 
[7] Chem. Mat., 2008, 20, 3, special Issue: Templated Materials. 
[8] F. Schüth, Angew. Chem., 2003, 115, 3730−3750. 
[9] a) S. Förster,: Amphiphilic Block Copolymers for Templating Applications. In: 
 Topics in Current Chemistry 226, Colloid chemistry I, Seite 1−28, ed by M. 
 Antonietti, Springer Verlag Berlin Heidelberg (2003), ISBN 3-540-00415-7. 
 b) R. A. Caruso,: Nanocasting and Nanocoating. In: Topics in Current 
 Chemistry 226, Colloid Chemistry I, Seite 91−118, ed by M. Antonietti, 
 Springer Verlag Berlin Heidelberg (2003), ISBN 3-540-00415-7. 
[10] a) B. M. Novak, C. Davies, Macromolecules, 1991, 24, 5481−5483. 




 c) B. M. Novak, M. W. Ellsworth, C. Verrier, ACS Symp. Ser., 1995, 585, 
 86−96. 
 d) B. M. Novak, Adv. Mat., 1993, 6, 422−433. 
[11] A. Stein, Adv. Mat., 2003, 15, 763−775. 
[12] a) D. Mecerreyes, G. Moineau, P. Dubois, R. R. Jérome, J. L. Hedrick, C. J. 
 Hawker, E. E. Mamström, M. Trollsas, Angew. Chem., 1998, 110, 1306−1309. 
 b) C. Decker, T. Nguyen Thi Viet, D. Decker, E. Weber-Koehl, Polymer, 2001, 
 42, 5531−5541. 
 c) J. D. Oxman, D. W. Jacobs, M. C. Trom, V. Sipani, B. Ficek, A. B. Scranton, 
 J. Polym. Sci. A: Polymer Chemistry, 2005, 43, 1747−1756. 
[13] M. R. Hoffmann, S. T. Martin, W. Choi D. W. Bahnemann, Chem. Rev., 1995, 
 95, 69−96. 
[14] U. Schubert, J. Mater. Chem., 2005, 15, 3701−3715. 
[15] D. Avinir, Acc. Chem. Res., 1995, 28, 328−334. 
[16] L. Hench, J. K. West, Chem. Rev., 1990, 90, 33−72. 
[17] S. W. Boettcher, J. Fan, C.-K. Tsung, Q. Shi, G. D. Stucky, Acc. Chem. Res., 
 2007, 40, 784−792. 
[18] J. N. Hay, H. M. Raval, J. Mater. Chem., 1998, 8, 1233−1239. 
[19] M. Niederberger, G. Garnweitner, Chem. Eur. J., 2006, 12, 7282−7302. 
[20] R. J. P. Corriu, D. Leclercq, P. Lefèvre, P. H. Mutin, A. Vioux, J. Mater. Chem., 
 1992, 2, 673−674. 
[21] M. Andrianainarivelo, R. J. P. Corriu, D. Leclercq, P. H. Mutin, A. Vioux, J. Sol-




B. Chirality and Reversible Solid State Phase Transition of 
a Tetranuclear Titanium Oxido Cluster 
 
Alexander Mehner, Tobias Rüffer, Heinrich Lang, Maik Schlesinger, 
Michael Mehring, Stefan Spange 
 
Veröffentlicht in New J. Chem. 2013, 37(5), 1290–1293. 
 
 Die vorliegende Publikation beschreibt die Synthese, die Kristallstruktur und 
die Eigenschaften von (µ4-Oxido)-hexakis(µ-thiophen-2-methoxido)-octakis(thiophen-
2-methoxido)-tetra-titan (1). Diese Verbindung besitzt Chiralität. Unter den 
beschriebenen Bedingungen kristallisiert 1 als Racemat zweier Enantiomere. Zudem 
weist die Verbindung einen reversiblen Phasenübergang im Kristallzustand auf. Die 
Einkristallstrukturanalysen wurden von Dr. Tobias Rüffer angefertigt. Röntgen-
Pulverdiffraktometrieanalysen (XRPD) wurden von Maik Schlesinger durchgeführt. 
Diese Publikation wurde weitestgehend von mir verfasst. Veröffentlicht wurde diese 
Arbeit als letzter Beitrag des gesamten Forschungsvorhabens. Da aber in dieser 
Publikation der Schwerpunkt auf der Analyse von Zwillingsmonomeren liegt, wurde 
diese Arbeit als erstes Kapitel gewählt. 
 
The tetranuclear titanium oxido cluster (µ4-oxido)-hexakis(µ-thiophene-2-methoxido)-
octakis(thiophene-2-methoxido)-tetra-titanium (1), which has been obtained by the 
reaction of Ti(OiPr)4 with thiophene-2-methanol in the presence of moisture consists 
of a Ti4(µ4-O)(µ-O)6-core and crystallizes as a racemic mixture of two different chiral 
enantiomers. Compound 1 undergoes a reversible phase transition at 163 - 168 K in 
the solid state as evidenced by X-ray diffraction (PXRD) and Differential Scanning 
Calorimetry (DSC). Single-crystal X-ray diffraction studies have been carried out to 
establish the molecular structure of the high and low temperature phase of 1. Crystal 








































  3n H2O
2
Å, b = 20.8771(5) Å, c = 18.6043(5) Å, β = 96.981(3)°, V = 7751.0(4) Å3, Z = 4; for 
the high temperature phase of 1 (200 K), monoclinic P21/c, a = 19.6993(2) Å, b = 




The twin-polymerization (TP) has been established as a new strategy for producing 
nanocomposites, nanostructured inorganic oxides and microporous materials [1]. The 
specific characteristic of TP is the use of a single source precursor which reacts in a 
complex polymerization cascade to an organic/inorganic hybrid material. For the 
fabrication of polymer/titanium dioxide or polymer/silica hybrid materials, the 
synthesis of suitable monomers (twin-monomers) plays a crucial role because the 
molecular structure of the monomer determines the properties of the as-prepared 
nanocomposite in a very complex manner. Established examples of twin-monomers 
of silicon, boron, and titanium and their conversion to nanoscaled hybrid materials 
are shown in Scheme 1. [1] 
 












Spiro compounds of silicon show chirality. A great potential of novel classes of 
nanocomposites is offered by the use of chiral precursors as long as it is possible to 
use successfully enantiomeric pure catalysts [2] for twin-polymerizations. In addition, 
titanium oxido clusters usually show structures, which open the possibility to control 
both the molecular structure and the morphology of the target materials [3]. The 
concept of TP inspired the synthesis of novel monomers consisting of metals and 
organic moieties, which can undergo Friedel-Crafts polymerization and other step-
growth processes. In the literature, there are only a few examples of those types of 
monomeric precursors in spite of their apparently simple availability. For aluminium 
compounds, synthesis of alkylaluminium derivatives of 2-thiophenemethanol [4] and 
2-methoxy benzylalcohol [5] are reported. Recently, we showed that the reaction of 4-
methoxy benzylalcohol with WCl6 leads to hybrid materials composed of WO3 and 
poly(4-methoxy benzylalcohol) [1e]. Day et al. [6] and Gau et al. [7] described the 
synthesis of titanium oxido clusters with up to eight titanium atoms which possess 
benzyl alcohol ligands in the periphery. 
In this work we report on the synthesis and structure of a novel tetranuclear titanium 
oxido cluster comprising thiophene moieties in its periphery which holds potential as 
a novel chiral hybrid monomer. 
 
The titanium oxido cluster (µ4-oxido)-hexakis(µ-thiophene-2-methoxido)-
octakis(thiophene-2-methoxido)-tetra-titanium (1) is readily accessible by the 
transesterification of tetraisopropyl orthotitanate with thiophene-2-methanol in the 
















In detail, 2-propanol and excess of thiophene-2-methanol were removed at 8 mbar 
and 130 °C from a mixture of thiophene-2-methanol (49.7 g, 435.4 mmol) and 
tetraisopropyl orthotitanate (30.5 g, 107.5 mmol) within three hours. The resulting 
yellow oil solidified at room temperature to give 45.8 g (95 %) of crude 1. Colourless 
crystals of 1 were obtained by re-crystallization from a mixture of toluene/n-hexane 
(40:40, mL/mL) at room temperature (yield 18.14 g, 38 %). (NMR spectroscopic data 
are summarized in Footnote [§1]). 
The structural determination of 1 was first performed at 200 K. The obtained 
molecular structure is shown in Figure B1 (left). The crystal was then cooled to 160 
K. After 30 min the structural determination of 1 was repeated. The thus obtained 
molecular structure is shown in Figure B1 (right). Experimental and structural 
refinement data of both measurements and additional comments are summarized in 
Footnote [§2]. Compound 1 crystallizes in both the high temperature phase (200 K) 
and the low temperature phase (160 K) as a racemic mixture containing two different 
enantiomers in the centrosymmetric space group P21/c, cf. Scheme B2 and Figure 
S1.† To the best of our knowledge, this is an unique example of complexes featuring 
a M4(µ4-O)(µ-O)6 (M = transition metal) fragment. Compound 1 exists in the solid 
state as a tetranuclear titanium oxido cluster containing a Ti4(µ4-O) core. The four six-
coordinated titanium atoms are bridged by three µ-thiophene-2-methoxido ligands 
each and form a distorted tetrahedron around the central oxido atom (O2−). Two 
terminal thiophene-2-methoxido ligands are further linked to each titanium atom. 
Clusters containing Ti4(µ4-O) cores are rare, with except of compound 2 
[1e]. 
 





































































Figure B1. ORTEP diagrams (50 % probability level) of the molecular structures of 1 
measured at (a) 200 K (left) and (b) 160 K (right). All hydrogen atoms have been 
omitted for clarity. Of disordered atoms only one atomic position is shown. 
For both 1 and 2 the cationic twin polymerization leading to organic/inorganic hybrid 
materials were demonstrated recently [8]. So far only two related clusters have been 
described, i. e. [9],[10]. However, they contain a further µ4-bridging oxido (O
2-) ligand. 
The oxido ligands of these oxido clusters are in one case most probably originated by 
traces of water, [10] whereas in the other case no information has been given. The 
origin of the O2- ion of 1 is most probably assigned to the presence of traces of water 
in thiophene-2-methanol that was used as received. 
In order to visualize structural differences of the high vs. the low temperature phase 
of 1, Figure B2 displays a best fit of both phases. The structural differences of both 
phases are manifested especially by differences of the orientation of the terminal 
thiophene-2-methoxido ligands, as the root-mean-square deviation (rmsd) of all 
carbon atoms amounts to 0.485 Å (lowest/highest deviation (l/h d) observed for C61 
(0.088 Å)/C9 (1.420 Å) and the rmsd of all sulphur atoms to 0.415 Å (l/h d observed 
for S1 (0.077 Å)/S2 (0.709 Å). In contrast, the deviation of atoms of the atoms of the 
Ti4O15 core are less pronounced with an rmsd of all titanium atoms of 0.039 Å (l/h d 
observed for Ti4 (0.022 Å)/Ti1 (0.052 Å) and the rmsd of all oxygen atoms amounts 
to 0.116 Å (l/h d observed for O1 (0.037 Å)/O5 (0.218 Å). When fitting all atoms of 
the high vs. the low temperature phase of 1 a rmsd of 0.436 Å is obtained (l/h d 
observed for Ti4 (0.088 Å)/C9 (1.421 Å). This observation does indicate that the 
origin of the phase transition is of displacive nature. Noteworthy, crystals of 1 can be 
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repeatedly cooled down and heated up to give the above mentioned different unit 
cells as verified by unit cell measurements.  
 
Figure B2. Best fit of the molecular structures of the low (dotted line, Lable suffix ‘A’) 
and the high temperature phase (full line) of 1. All hydrogen atoms are omitted for 
clarity. Of disordered atoms only one atomic position is shown. The atoms Ti1-Ti4 
and O1-O15 were used for fitting with the program XP [11]. Selected labels of non-
carbon atoms are given. For the low temperature phase of 1 only S atoms were 

















DSC analysis of 1 revealed that a phase transition occurs in the solid state in the 
temperature range of 157-176 K. By measuring four cycles in the temperature range 
of 123-223 K the cooling curve of each cycle shows a beginning of phase transition 
(onset of exothermic peak) at 157 K. In contrast, the onset of phase transition of the 
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subsequent heating curves (onset of the endothermic peak) is observed at 176 K. 
The melting point of 1 is 348 K (onset), measured by DSC (available in the 
supporting information Figure S1). Surprisingly, analogue DSC analysis of (µ4-oxido)-
hexakis(µ-furfuryloxo)-octakis(furfuryloxo)-tetra-titanium (2) did not show any phase 
transition. 
Along with single crystal X-ray measurements, in situ temperature dependent PXRD 
measurements (Figure B3) have been carried out to analyze the phase transition of 
the bulk material of 1. 
 
Figure B3. PXRD measurements [supporting information Figure S3] and simulated 












The PXRD measurement of 1 indicates a rapid phase transition. Within the range of 
10 K, the pattern of the high temperature structure disappears upon cooling and the 
pattern of the low temperature structure can be observed. After warming again to 
room temperature exclusively the pattern of the high temperature phase appears 
again. As a result, the phase transition of 1 is reversible. Another phase transition of 
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measured at 123 K
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1 could not be observed by PXRD measurements between 123 K and the melting 
point of the compound (348 K). [S3]  
 
In conclusion, we have demonstrated the structural aspects of a novel titanium oxido 
cluster. Compound 1 undergoes a phase transition in the temperature range of 168 
− 163 K and represents chirality. In further studies we will focus on the solution 




[1] S. Spange, P. Kempe, A. Seifert, A. A. Auer, P. Ecorchard, H. Lang, M. Falke, 
 M. Hietschold, A. Pohlers, W. Hoyer, G. Cox, E. Kockrick, S. Kaskel, Angew. 
 Chem., 2009, 121, 8403−8408.; Angew. Chem. Int. Ed., 2009, 48, 8254−8258. 
 (b) S. Spange, S. Grund, Adv. Mat., 2009, 21, 2111−2116. (c) F. Böttger-Hiller, 
 R. Lungwitz, A. Seifert, M. Hietschold, M. Schlesinger, M. Mehring, S. Spange, 
 Angew. Chem., 2009, 121, 9039−9043.; Angew. Chem. Int. Ed., 2009, 48, 
 8878−8881. (d) S. Grund, P. Kempe, G. Baumann, A. Seifert, S. Spange, 
 Angew. Chem., 2007, 119, 636−640.; Angew. Chem. Int. Ed., 2007, 46, 
 628−632. (e) A. Mehner, T. Rüffer, H. Lang, A. Pohlers, W. Hoyer, S. Spange, 
 Adv. Mat., 2008, 20, 4113−4117. 
[2] H. H. Brintzinger, D. Fischer, R. Mülhaupt, B. Rieger, R. Waymouth, Angew. 
 Chem., 1995, 107, 1255−1283. 
[3] (a) C. Sanchez, G. J. de A. A. Soler-Illia, F. Ribot, T. Lalot, C. R. Mayer, V. 
 Cabuil, Chem. Mater., 2001, 13, 3061−3083. (b) U. Schubert, J. Sol-Gel Sci. 
 Technol., 2003, 26, 47−55. 
[4] R. Kumar, V. S. J. de Mel, M. L. Sierra, D. G. Hendershot, J. P. Oliver, 
 Organometallics, 1994, 13, 2079−2083. 
23 
 
[5] (a) C.-H. Lin, B.-T. Ko, F.-C. Wang, C.-C. Lin, C.-Y. Kuo, J. Organomet. 
 Chem., 1999, 575, 67−75. (b) H. Schumann, M. Frick, B. Heymer, F. 
 Girgsdies, J. Organomet. Chem., 1996, 512, 117−126. 
[6] V. W. Day, T. A. Eberspacher, W. G. Klemperer, C. W. Park, F. S. Rosenberg, 
 J. Am. Chem. Soc., 1991, 113, 8190−8192. 
[7] H.-M. Gau, C.-T. Chen, C.-C. Schei, J. Organomet. Chem., 1992, 424, 
 307−317. 
[8] A. Mehner, A. Pohlers, W. Hoyer, G. Cox, S. Spange, Macromol. Chem. 
 Phys., 2013, DOI: 10.1002/macp.201200629. 
[9] T. J. Boyle, T. M. Alam, C. J. Tafoya, Inorg. Chem., 1998, 37, 5588. 
[10] R. Ghosh, M. Nethaji, A. G. Samuelson, Chem. Commun., 2003, 2556. 





[§1] NMR data of 1: δ 1H NMR (CD2Cl2, 400 MHz) = 7.22 ppm (H5, dd, 3J(1H4-1H5) 
 = 5.2 Hz, 4J(1H3-
1H5) = 1.2 Hz, 1H); 6.91 ppm (H4, dd, 
3J(1H5-
1H4) = 5.2 Hz; 
 3J(1H3-
1H4) = 3.4 Hz, 1H); 6.78 ppm (H3, d, 
3J(1H4-
1H3) = 2.6 Hz, 1H); 5.45 ppm 
 (H1, s, 2H); δ 13C NMR (CD2Cl2, 100 MHz) = 145.5 ppm (C2, s); 126.8 ppm 
(C4,  s); 125.8 ppm (C3, s); 125.2 ppm (C5, s); 72.6 ppm (C1, s (br)). 
[§2] For the single crystal X-ray diffraction studies an Oxford Gemini S 
 diffractometer was used. Crystal data of 1 (measured at 160 K): 
 C70H70O15S14Ti4 M = 1791.70, space group = P 21/c, monoclinic, a = 
 20.1052(6), b = 20.8771(5), c = 18.6043(5) Å, β = 96.981(3)°, V = 7751.0(4) 
 Å3, T = 160 K, Z = 4, reflections collected = 40900, reflections unique = 14454, 
 wR2 = 0.1591 (I > 2σ(I)), R1 = 0.0527 (all data), GOF = 1.065. The highest 
 unrefined electron density peak with 1.19 eÅ-3 is observed ca. 0.44 Å away 
 from C3. The following S and C atoms of thiophene groups were refined 
 disordered on two positions with occupation factors given in brackets: S3, C13 
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 (0.74/0.26) and S11, C53 (0.66/0.44), respectively. Crystal data of 1 
 (measured at 200 K): C70H70O15S14Ti4 M = 1791.70, space group = P 21/c, 
 monoclinic, a = 19.6993(2), b = 20.9296(3), c = 19.2039(2) Å, β = 92.301(1)°, 
 V = 7911.36(16) Å3, T = 200 K, Z = 4, reflections collected = 31684, reflections 
 unique = 13231, wR2 = 0.1584 (I > 2σ(I)), R1 = 0.0763 (all data), GOF = 1.028. 
 The highest unrefined electron density peak with 1.56 eÅ-3 is observed ca. 
 0.99 Å away from S12. The following S and C atoms of thiophene groups were 
 refined disordered on two positions with occupation factors given in brackets: 
 S1, C3 (0.61/0.39); S3, C13 (0.53/0.47); S9, C43 (0.92/0.08); S10, C48 
 (0.51/0.49); S11, C53 (0.58/0.42) and S13, C63 (0.50/0.50), respectively. The 
 thiophene group comprising the atoms S8, C37-C40 has been refined 
 disordered over two positions with occupation factors of 0.71/0.29.    
Additional comments: A crystal of dimensions of ca. 0.3 × 0.3 × 0.3 mm has been 
selected for crystallographic studies, which appeared, despite its comparatively large 
size, as comparatively weakly diffractive. For that reason Cu Kα radiation (λ  = 
1.54184 Å) has been used for the measurement at 200 K. The more elevated 
measurement temperature has been selected by acknowledging the beforegoing 
established phase transition temperature at ca. 165 K. After the measurement ended 
the temperature was reduced to 160 K in order to determine the low temperature 
phase crystallographically. However, as the measurement at 200 K took prolongated 
time and an “icing” tendency of the crystal was obvious the radiation for the 160 K 
measurement was changed to Mo Kα (λ = 0.71073 Å) in order to save time. Despite 
this, an “icing” of the crystal could not be avoided and the 160 K measurement had to 
be stopped at a data completeness of ca. 95 % (θ ≤ 26°). For both the 
crystallographic study at 200 and 160 K, respectively, no further disorder of other 
than the given atoms could be resolved reliable, which is based on the already poor 
intensities of remaining, unrefined electron density peaks. 
Crystallographic data (excluding structure factors) for the structures of 1 at 160 K and 
at 200 K have been deposited with the Cambridge Crystallographic Data Centre as 
supplementary publication nos. CCDC 887625 and CCDC 887624, respectively. 
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Copies of the data can be obtained free of charge on application to CCDC, 12 Union 
Road, Cambridge CB2 1EZ, UK [Fax: (internat.) +44-35 1223/336-033; E-mail: 
deposit@ccds.cam.ac.uk] 
Powder X-ray diffraction patterns were measured with a STOE-STADI-P 
diffractometer using CuKα-radiation (40 kV, 40 mA) and a Ge(111)-monochromator. 
For low-temperature measurements the sample was sealed in a glass capillary 
(diameter 0.5 mm). The data were collected every 10 K (between 100 K and 120 K 
every 5 K) starting from 293 K to 123 K (cooling rate 10 K/min).  
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 Die vorliegende Publikation wurde als erster Beitrag des 
Forschungsvorhabens veröffentlicht. Die Arbeit beschreibt die Synthese und 
Zwillingspolymerisation von (µ4-Oxido)-hexakis(µ-furfuryloxo)-octakis(furfuryloxo)-
tetra-titan. Erste Ergebnisse der Hybridmaterialien zeigen das enorme Potential 
dieser Polymerisationsart. Auch Analysen zu erhaltenen TiO2-Materialien werden 
beschrieben. Die Einkristallstrukturanalysen wurden von Dr. Tobias Rüffer 
durchgeführt. Röntgen-Diffraktometrieanalysen (XRD) wurden von Dr. Andreas 
Pohlers angefertigt. Diese Publikation wurde weitestgehend von mir verfasst. 
 
Interpenetrated inorganic/organic composite materials can be synthesized by Twin-
Polymerization of (µ4-oxido)-hexakis(µ-furfuryloxo)-octakis(furfuryloxo)-tetra-titanium. 
Poly(furfuryl alcohol)/titanium dioxide composites are formed in which the titania 
species are uniform dispersed. Pure nanosized titanium dioxide (anatase) is obtained 
after heat and water treatment and removing the organic layer of the composite 
materials by oxidation. 
 







Nanosized titanium dioxide is of importance as photocatalyst, as pigment, and, for 
example, for photovoltaic applications because of its electronic, optoelectronic, and 
catalytic properties.[1] The most convenient synthetic route is the hydrolytic sol-gel 
process which allows titanium oxides and/or its precursors to be produced in a 
straight forward way from titanium alkoxides by hydrolysis and condensation at low 
temperature. [2-5] This synthetic methodology has a widespread applicability and is 
well documented. [2-5] The sol-gel approach requires water addition for the hydrolysis 
process and hence, the formation of by-products (e.g. alcohols) and the associated 
formation of a gel, which undergoes substantial shrinkage on drying, is observed. 
However, non-aqueous synthetic routes allow the control of the shape, size, and 
crystallinity of metal oxides and in addition, are readily to handle, compared to 
convenient sol-gel processes. [6-9] The main limitation of this concept is the 
insufficient solubility of some metal halides in non-aqueous solvents. 
In this work we present a new concept for the synthesis of titanium dioxide starting 
from cationically polymerizable titanium monomers. The so called “Twin-
Polymerization” strategy [10] allows the reaction of hybrid monomers in organic 
solvents or in melt without admitting water. The formation of the polymer is 
associated with that of the inorganic compound. Thus, it is possible to synthesize 
interpenetrating inorganic/polymer composite materials. We report here on the 
synthesis and cationic polymerization of a titanium hybrid monomer which undergoes 
polymerization to a poly(furfuryl alcohol)/titanium oxide nanocomposite materials. 
The titanium oxide component can be obtained after removing of the organic polymer 
out of the composite. 
(µ4-Oxido)-hexakis(µ-furfuryloxo)-octakis(furfuryloxo)-tetra-titanium (I) is readily 
accessible by the transesterification of tetraethyl orthotitanate with furfuryl alcohol 
(Scheme C1). Madaliev et. al. described a similar reaction of tetra-tert-butyl 
orthotitanate and furfuryl alcohol, in order to obtain tetra-furfuryl orthotitanate. [11] The 
product was characterized by quantitative elemental analysis, bromine number, and 




Scheme C1. Reaction scheme for the synthesis and the cationic polymerization of I. 
 
 
Excess of furfuryl alcohol and ethanol (formed during the reaction) were removed by 
distillation from the reaction mixture containing one equivalent of tetraethyl 
orthotitanate and 4.05 equivalents of furfuryl alcohol, whereby the resulting brown 
liquid solidified at room temperature. Moisture-sensitive crystals of I suitable for 
single crystal X-ray structure analysis were obtained from a mixture of toluene/n-
hexane (ratio: 1:1, vs/vs) at room temperature. The structural analysis reveals, that I 
exist in the solid state as a novel tetrameric titanium-oxo-cluster containing a Ti4(µ4-
O) core, cf. Figure C1. Oxo-clusters containing the Ti4(µ4-O) core are very rare, so far 
only two related clusters have been described, [12,13] possessing, however, a further 
µ-bridging oxido (O2-) ligand. The oxido ligands of these oxo-clusters are in one case 
most probably originated by water traces, [13] whereas in the other case no 
information has been given. The origin of the oxido ligand of I is most probably due to 
water sourced from furfuryl alcohol. 
Thus, complex I is not only the first pure Ti-oxo-fufurylato complex but represents 
even more a unique structural type of titanium oxo-alkoxo clusters. [12] The four six-
coordinated titanium atoms are joined by three µ-bridging and two terminal 
4 Ti(OEt)4  +  16
O OH
 16 EtOH

















































furfuryloxo ligands and the central µ4 coordinated oxygen atom to form distorted 
octahedrons. 
 
Figure C1. Structure of I in the solid state. 
 
The cationic polymerization of I was carried out in toluene using 
trifluoromethanesulfonic anhydride as the initiator under argon atmosphere at room 
temperature. The reaction time can range from a few seconds to several days (Table 
C1) and is a function of the monomer-initiator ratio and the concentration of the 
monomer. As crude products, dark brown poly(furfuryl alcohol)/titanium dioxide 
composite materials were obtained in high yield. Soluble organic polymeric and 
oligomeric materials were removed by subsequent extracting with dichloromethane, 




Table C1. Results of the cationic polymerization of I to synthesize TiO2 at room 
temperature. 






























16 5 57 269 364 45 85 : 15 
2 toluene 
[a] 
29 10 51 272 364 29 74 : 26 
3 toluene 
[a] 
59 20 47 267 383 15 5 : 95 
4 toluene 
[a] 
165 35 40 260 410 27 22 : 78 
5 toluene 
[a] 





5 46 300 424 96 85 : 15 
[a] c = 0.2 mol/L, initiator: trifluoromethansulfonic anhydride; [b] c = 0.9 mol/L, initiator: trifluoromethansulfonic anhydride; [c] 
based on number of furfuryloxo ligands;  [d] 10 hours at 400 °C under air atmosphere (heating rate 1.6 K/min). 
 
Solid state 13C{1H}-CP-MAS NMR spectra (Figure C2) of the poly(furfuryl 
alcohol)/titanium dioxide composites show the signals relating to poly(furfuryl 
alcohol). 13C NMR signals at 108 and 151 ppm can be assigned to the furan rings. 
The broad resonance signal at 36 ppm can be assigned to the aliphatic carbons 
between the furan rings and branched structures. The 13C NMR signals at 90 and 
129 ppm indicate conjugated structures within the polymer. Cationic ring opening 
reactions in low extent occur during the polymerization. The chemical shift at 205 
ppm shows the carbonyl carbons of formed laevulinic acid. [14-19] The signal found at 
64 ppm in the poly(furfuryl alcohol)/titanium dioxide composite material is caused by 
residual Ti-O-C bonds derived from the monomer. Ti-O-C bonds are found, when a 
monomer-initiator-ratio ([M]/[I]) of 50 has been used. Therefore, if the cationic 
polymerization of I is performed at high monomer-initiator ratios (for example, [M]/[I] = 




Figure C2. Solid state 13C{1H}-CP-MAS NMR spectra series of hybrid materials 
obtained from I by cationic polymerization (initiator: trifluoromethanesulfonic 
anhydride). M/I indicates the monomer-initiator ratio used for the synthesis. 
 
An increase of carbon in the resulting poly(furfuryl alcohol)/titanium dioxides 
composite materials is observed by decreasing the monomer-initiator ratio. This 
result indicates a more intense cross-linking of poly(furfuryl alcohol) occurs at higher 
initiator concentrations and hence, the portion of organic polymer resin increases in 
the hybrid material. 
Thermogravimetric analyses show an evident mass loss for all composite materials 
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Figure C3. TG trace of composite material (heating rate: 10 K/min, gas flow: 20 
mL/min, air atmosphere). 
 
A minor mass loss fraction was already observed at 100 °C. The temperature at 
which 50 % decomposition takes place (T50) is generally considered as an index of 
thermal stability. [20] T50 of the composites is about 400 °C as function of the carbon 
content. 
The hybrid materials are composed of spherical particles with diameters between 10 
− 30 nm as shown by SEM analyses. Energy dispersive X-ray analyses (EDX) of the 
hybrid materials show a uniform dispersion of titanium, carbon, and oxygen 




































The hybrid materials were X-ray amorphous (XRD), i. e. after cationic polymerization 
of I, crystalline TiO2 is not immediately formed. The composite materials consist of 
poly(furfuryl alcohol) and uniform dispersed X-ray amorphous titania species. 
The poly(furfuryl alcohol) component of the composite material can be removed by 
oxidation at 400 °C under air atmosphere using a time period of 10 hours. The 
resulting white powders are completely crystalline. Quantitative elemental analyses 
of final titanium dioxides show only marginal carbon contents in the range of 0.3-0.7 
% (H% 0.6-0.8). Sulphur was not detected, thus no residual initiator remains at the 
final TiO2. However, mixtures of both TiO2 modifications, anatase and rutile, were 
obtained under the oxidation conditions applied. Local high surface temperatures of 
the hybrid particles catalyze the condensation and crystallization to TiO2 during the 
oxidation process. The mass ratio between the TiO2 modifications anatase and rutile 
are given in Table C1. However, reasonable relationships between the anatase/rutile 
ratios as a function of the monomer-initiator ratios could not be determined. The BET 
surfaces of the obtained titanium oxide mixtures range from 15 to 100 m2/g. SEM 
images of TiO2, obtained after oxidation at 400 °C, show rutile particles of 160 to 270 
nm in size (Figure C5). 
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Figure C5. SEM images of TiO2 obtained after oxidation of the composite material at 
400 °C. 
 
To produce solely the anatase modification another procedure was applied. For this 
purpose poly(furfuryl alcohol)/titanium dioxides composite materials have been 
treated with an excess of distilled water for 12 hours at 100 °C before oxidation at 
400 °C under air atmosphere takes place. [21,22] 
The sizes of the obtained titanium oxide particles were calculated by means of the 
Scherrer equation [23,24] and the BET surface (Table C2). 
Semi-crystalline composite materials of poly(furfuryl alcohol)/titanium dioxide were 
obtained after water treatment. Hot water catalyzes the crystallization of X-ray 
amorphous titania species to anatase. The diameter of anatase crystallites within the 
composites amounts to 3.9 nm as calculated by means of the Scherrer equation. The 
primary crystallites amplified to diameters of 8.5 nm after oxidation of the polymer for 
10 hours at 400 °C in air. BET measurement of the TiO2 modification show a surface 
of 171 m2/g. Particle sizes calculated by using the BET surface are 9.1 nm in 




























































/ / 15.8 9.1 
[a] d = 6 / (ρ*A), ρ(anatase) = 3.85 g/cm3, ρ(rutile) = 4.25 g/cm3. 
 
 
SEM images (Figure C6) of anatase nanoparticles obtained after water treatment and 
oxidation at 400 °C show agglomerates of about 200 nm in size. Obviously, 
agglomeration of crystallites occurred during oxidation of the composites. 
 
Figure C6. SEM images of TiO2 obtained after water treatment and oxidation of the 




In summary, cationic Twin-polymerization of (µ4-oxido)-hexakis(µ-furfuryloxo)-
octakis(furfuryloxo)-tetra-titanium allows the synthesis of nano-composite materials 
consisting of titania species and poly(furfuryl alcohol). The organic and inorganic 
phase are uniform distributed within the amorphous composite. Solely nanosized 




Synthesis of (µ4-oxido)-hexakis(µ-furfuryloxo)-octakis(furfuryloxo)-tetra-titanium (I): 
Ethanol and excess of furfuryl alcohol were distilled at 8 mbar and 100 °C from a 
mixture of furfuryl alcohol (6.98 g, 71.192 mmol) and tetraethyl orthotitanate (4.01 g, 
17.578 mmol) within one hour. The resulting brown melt solidified at room 
temperature to give 6.68 g (97 %) of I. Brown crystals were obtained by re-
crystallization from a mixture of toluene/n-hexane (40:40, vs/vs). 
 
1H NMR (400 MHz, benzene-d6, δ): 7.09 (s (broad), 1H, furan ring-H), 6.23 (s 
(broad), 1H, furan ring-H), 6.09 (s (broad), 1H, furan ring-H), 5.45 (s (broad), 2H; 
CH2); 
13C NMR (100 MHz, benzene-d6, δ): 156.2 (furan ring), 141.7 (furan ring), 
110.5 (furan ring), 107.9 (furan ring), 69.5 ((broad), CH2) 
 
Crystal data for I: C70H70O29Ti4, M = 1566.86, T = 160 K, monoclinic, space group 
P2(1)/a, a = 18.7636(10), b = 19.4872(10), c = 19.2185(12) Å, β = 92.595(5)°, V = 
7020.0(7) Å3, Z = 4, µ(Mo Kα) = 0.526 mm
-1, unique reflections: 13762, observed 
reflections: 8247 (I > 2σ(I)), R1, wR2 = 0.0442, 0.1139. GOF = 0.909. CCDC 687049. 
The intensity data were recorded with Mo Kα radiation (λ = 0.71073 Å) at 160 K. The 
structure was solved by direct methods using SHELXS-97 [25] and refined by full-





General procedure of cationic polymerization of I: 
In polymerization experiments, 4.5 g (2.872 mmol) of I were dissolved in toluene (0.2 
or 0.9 mol/L) at room temperature under argon atmosphere. According to respective 
monomer-initiator ratio (Table C1), trifluoromethansulfonic anhydride in toluene was 
added. The initially brown reaction solution changed to dark. The resulting composite 
material were filtrated in a single portion from the reaction mixture, extracted with 
dichloromethane, methanol, and acetone till the extracts were colourless and dried 
under vacuum at 40 °C until it had reached a constant weight. 
 
Water treatment of composite materials: 
2.5 g of composite material was suspended in 50 mL of water and stirred for 12 
hours at 100 °C. The composite material was filtrated in a single portion from the 
water solution, washed with acetone (50 mL), and dried under vacuum at 40 °C until 
it had reached a constant weight. 
 
Removing of polymeric material from composites: 
Composite material was heated for 10 hours at 400 °C (heating rate 1.6 K/min) under 
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D. Cationic Twin Polymerization versus Simultaneous 
Polymerization of Titanium Compounds to Fabricate 
Nanostructured Organic Polymer/TiO2 ‒ Hybrid Materials 
 
Alexander Mehner, Andreas Pohlers, Walter Hoyer, Gerhard Cox 
and Stefan Spange 
 
Veröffentlicht in Macromol. Chem. Phys. 2013, 214(9), 1000–1010. 
 
 Die vorliegende Publikation bildet die Kernarbeit der Forschungsarbeit. Es 
werden die Unterschiede und die Charakteristika zwischen der 
Zwillingspolymerisation von Titan-oxo-Verbindungen und den jeweiligen 
Simultanpolymerisationen verglichen. Besonders die Analyse der erhaltenen 
Hybridmaterialien zeigt die Vorteile der Zwillingspolymerisation. Interpenetrierende 
Verteilungen zwischen TiO2 und organischem Polymer bis in den Nanometerbereich 
weisen auf einen zeitlich gekoppelten Reaktionsmechanismus hin. Dem gegenüber 
zeigen Hybridmaterialien erhalten durch Simultanpolymerisation wesentlich gröbere 
Strukturen. Röntgen-Diffraktometrieanalysen (XRD) wurden von Dr. Andreas Pohlers 
durchgeführt. Rasterelektonenmikroskopische- und Transmissionselektonen-
mikroskopische Aufnahmen (REM und TEM) der Materialien wurden von Dr. Gerhard 
Cox angefertigt. 
Diese Publikation wurde weitestgehend von mir verfasst. Veröffentlicht wurde diese 
Arbeit als später Beitrag des Forschungsvorhabens und beschreibt alle wesentlichen 
Ergebnisse des Kernthemas. 
 
The formation of related polymer/TiO2 nanocomposites has been studied using two 
alternative synthetic procedures. The triflic acid anhydride (Tf2O) catalysed twin-
polymerization (TP) of (µ4-oxido)-hexakis(µ-furan-2-methoxo)-octakis(furan-2-
methoxo)-tetra-titanium 1 and (µ4-oxido)-hexakis(µ-thiophene-2-methoxo)-
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octakis(thiophene-2-methoxo)-tetra-titanium 2, respectively, has been studied in 
comparison to the simultaneous polymerization (SP) of titantetraisopropylate 
[Ti(iOPr)4] with the corresponding furan- or thiophenemethanol, i.e. furfurylalcohol FA 
and thienylalcohol TA, respectively. Both the TP of 1 and 2 produces nanostructured 
PFA/TiO2- or PTA/TiO2-hybrid materials. SP of FA with Ti(iOPr)4 is also suitable to 
fabricate nanostructured PFA/TiO2, but SP of PTA with Ti(iOPr)4 is unsuitable due to 
the low reactivity of the pure TA component. It can be clearly demonstrated: the 
larger the reactivity of the organic fragment of the components in the polymerization 
process, the smaller the size of the nanostructure domains. The domain size of TiO2-
particles within the hybrid material increases in the following order: TP of 1 (2 nm) < 




In modern technologies, nanocomposites [1,2] consisting of two or more organic and 
inorganic macromolecules in different proportions and geometric forms are of great 
importance for coating, reinforcing and for barrier materials. In the last decade, 
diverse synthetic methods have been developed to achieve defined nanostructures 
of different inorganic/organic hybrid materials showing several specific length scales 
of the inorganic and organic domains in the range 2–100 nm. 0 In this introduction, 
references are mainly focused on TiO2-hybrid materials. 
In order to obtain perfectly arranged interpenetrated materials with adjustable 
proportions of metal-oxide particles and polymers (hard and soft materials) at the 
nanoscale (2 to 5 nm) sophisticated methodologies have been developed. 
Established procedures are: template assisted sol-gel processes, polymerization of 
heterobifunctional monomers and non-aqueous sol-gel processes. [1-19] 
It is still a challenge to realize structure formation down to the molecular level of 
about 1-2 nm for various classes of materials. Phase separation and entropic 
phenomena usually complicate mixing of two polymeric materials down to the 
molecular level for energetic reasons. Therefore, the simultaneous synthesis of both 




Recently, the so called Twin-Polymerization (TP), an alternative method for 
producing inorganic/organic hybrid materials, has been reported by us. 0 The 
characteristic of this type of polymerization is that two polymers are formed from one 
single source monomer, the Twin Monomer (TM), in one procedure. There is a clear 
difference of TP to the polymerization of heterobifunctional monomers which contain 
two differently polymerizable groups in one molecule. Each group of the 
heterobifunctional monomer polymerizes by another mechanism and by use of 
different catalysts or initiator. [7,8,17b] In contrast, the propagation reactions to both 
polymers in TP are mechanistically coupled. [20]  
Tetrafurfuryloxysilane (TFOS) and difurfuryloxydimethylsilane were the first examples 
of TMs which undergo TP induced by acid catalyses. [20d] Thus, interpenetrated 
networks of poly(furfuryl alcohol) (PFA) and silica are formed from TFOS on 
nanometer scale. 
The concept of TP can be extended to a variety of inorganic oxidic/polymer materials. 
However, the challenge of TP is the possibility to achieve nanostructure domains 
whose size is smaller than of hybrid materials obtained from other procedures. The 
importance of TiO2-nanostructures has inspired us to develop TP strategies for those 
types of hybrid materials. [21 
In a first communication we have demonstrated that the cationic polymerization of the 
polymerizable titanium furfurylate, (µ4-oxido)-hexakis(µ-furan-2-methoxo)-
octakis(furan-2-methoxo)-tetra-titanium 1, is suitable to produce interpenetrated 
networks of PFA and nanostructured titanium dioxide in only one procedure. [20] 
In this work a more detailed study on the cationic polymerization of 1 and the novel 
sister TM (µ4-oxido)-hexakis(µ-thiophene-2-methoxo)-octakis(thiophene-2-methoxo)-








Figure D1. Molecular structure of the twin monomers 1 and 2. 
 
The incorporation of sulphur in carbon nanocomposites from 2 enables the 
introduction of new physical properties. 
However, an important question comes up due to the additional effort for the 
syntheses of the twin monomer. Do the properties of the achievable hybrid materials, 
obtained by TP, overcome the structural properties of those materials obtainable 
from an established procedure? That is, because TiO2 hybrid materials are also 
achievable from simultaneous polymerization (SP) of titanium tetraalkoxides and 
organic monomers. [1,15,22-27] 
The SP is the polymerization of two different monomers to two homopolymers in one 
procedure as established for fabrication of PFA composite materials. [28] In principle, 
it makes no difference whether step growth or chain polymerization of the monomer 
is used for SP. To achieve a nanostructure, the crucial point is that the rate of both 
polymerizations of SP in one procedure should not differ significantly. The 
crosslinking of each of the two growing polymers should occur faster than the 
diffusion of the polymer chains. The SP process is cheaper than the TP procedure 
because commercially available monomers can be used. Yet the adjustment of the 
procedure of SP is not easy to perform. 
Hence, there are two objectives in this study: 
 - Are the sizes of the nanostructured domains of the individual components in 

































































 - How does the Ti-O-CH2-Aryl bond influence the reactivity of the TM 
compared to the HO- CH2-Aryl monomer? For instance, it is already known that 
thienylalcohol (TA) does not well cationically polymerize at room temperature. [28] 
Therefore, TP experiments of 1 and 2 have been carried out in comparison to 
classical simultaneous polymerization (SP) to show which kind of differences of the 
material results. Detailed studies of the hybrid material structures and the 
corresponding titanium dioxides are examined by solid state NMR spectroscopy, TG-
, EA-, PXRD-, N2-sorption-experiments and SEM analyses. 
 
D.2. Results and Discussion 
 
Syntheses of Hybrid Materials. 
The cationic TP of the Ti-oxo-monomers 1 and 2 as well as the acid -catalysed SP of 
Ti(OiPr)4/FA or /TA mixtures were carried out in toluene using 
trifluoromethanesulfonic anhydride (Tf2O) as catalyst under argon atmosphere at 
room temperature. The Ti-oxo-monomers 1 and 2 were melted and polymerized due 
to the low melting points of 1 (105 °C) and 2 (75 °C). The raw hybrid materials were 
treated under heat to induce the crystallization process of anatase before oxidation of 
the organic polymer was performed to obtain the pure TiO2 (Figure D2). The heat 
treatment of the hybrid materials is important to yield phase-pure TiO2. Previously, 
we have shown that simple oxidation of hybrid materials synthesized by TP of 1 
result in mixtures of anatase and rutile. Advantageously, anatase in high content can 
be obtained when the hybrid materials were treated hydrothermally before oxidation 
to TiO2 was carried out. 
[20e] 
It is well established that a catalyst is needed for step-growth and an initiator is 
needed for chain polymerisation by definition. In case the catalyst is consumed and 
remains in the hybrid material, its classification is turned to initiator. It will be shown 
that the classification of the compound, which induces the SP or TP, is not always 
completely clear. Because SP and TP are step growth processes in principle, the 




Figure D2. Synthetic steps of TP and SP, respectively, to nanostructured TiO2. 
 
Tf2O has been found as a very effective catalyst for all polymerization experiments 
because the consecutive reaction of that water from the polycondensation reaction 
with Tf2O yields trifluormethanesulfonic acid (TfOH). Water, which is generated by 
the polycondensation process of the aromatic moiety and/or Ti−OH groups, can be 
dissipated during the polymerization and yields additional initiator or catalyst. 
The reaction time required for complete hybrid material formation can reach from a 
few seconds to several days. Results of the experiments are shown in Table 1. The 
property of the resulting nanocomposite is significantly a function of the monomer-
catalyst ratio ([M]/[I]). (Table D1) In the following text, the term “monomer ([M])” of 
[M]/[I] will be used for the number of polymerizable moieties of 1 or 2 in case of TP 
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Table D1. Comparison of Results of Twin Polymerization with results of 
Simultaneous polymerization for TiO2/polymer hybrid materials using Tf2O as the 













C (%) S (%) residue (%) T (°C) g) 
1 1 a) 100 < 1 min 96.2 59.3 1.8 24.6 303 
2 2 a) 100 < 1 min 92.6 37.5 23.1 14.3 288 
3 1 b) 5 < 1 min 99.1 35.1 7.6 11.7 278 
4 2 b) 5 < 1 min 95.2 31.3 21.6 11.5 284 
5 FA/Ti(OiPr)4 b)
 5 < 1 min 98.7 40.5 6.8 9.8 271 
6 TA/Ti(OiPr)4 b) 5 96 hours d) − − − − − 
7 1 b) 10 < 1 min 98.8 41.2 3.8 14.8 291 
8 2 b) 10 < 5 min 91.9 37.0 20.0 13.3 308 
9 FA/Ti(OiPr)4 b) 10 22 hours 99.4 42.2 4.9 13.7 287 
10 TA/Ti(OiPr)4 b) 10 96 hours d) − − − − − 
11 1 b) 20 18 hours 83.1 44.2 2.8 19.4 306 
12 2 b) 20 93 hours 85.9 35.8 21.7 17.7 319 
13 FA/Ti(OiPr)4 b) 20 95 hours 76.1 32.6 3.7 17.8 309 
14 TA/Ti(OiPr)4 b) 20 140 hours d) − − − − − 
15 1 b) 35 111 hours 70.0 42.1 2.3 25.0 308 
16 2 b) 35 48 days 54.6 33.3 19.6 26.9 317 
17 FA/Ti(OiPr)4 b) 35 182 hours 35.4 35.9 3.8 25.5 294 
18 TA/Ti(OiPr)4 b) 35 4 months e) − − − − − 
19 1 b) 50 288 hours 59.6 42.6 1.6 26.2 291 
20 2 b) 50 4 months f) 52.0 35.8 20.1 28.0 304 
21 FA/Ti(OiPr)4 b) 50 321 hours 39.7 30.1 2.9 32.7 298 
22 TA/Ti(OiPr)4 b) 50 4 months e) − − − − − 
a) polymerization in melt; b) polymerization in toluene (c(M) = 1 mol/L); 




d) brown clear solution over white precipitation was observed; e) no phase separation nor hybrid 
material was observed; f) no formation of hybrid material after 4 months at room temperature − 
afterwards, the reaction mixture was heated at 120 °C for 2 hours and in the process hybrid material 
was formed; g) onset of weight loss (TGA were performed under air atmosphere) 
 
Dark brown, solid products are obtained when TP of 1 has been performed in toluene 
solution. The PFA/TiO2-hybrid material precipitates in the toluene solution during the 
synthetic procedure. Those hybrid materials are X-ray-amorphous (see supporting 
information, SI) composed of PFA, TiO2, and the catalyst. In contrast, TP of 2 yields 
brown, semi-crystalline materials (SI). Most rapidly reacting systems are either TP of 
1 and 2 in toluene using a high concentration of the catalyst ([M]/[I] = 5) or TP of 1 
and 2 occurred in melt, No 1-5, and 7 from table D1. Those materials were formed in 
a few seconds in quantitative yield.  
In case of SP in toluene, mixtures of FA/Ti(OiPr)4 yield similar hybrid materials 
compared to TP of 1 with respect to the molecular structure formation due to the 
result of the solid state 13C {1H} CP MAS NMR analyses. Energy dispersive X-ray 
analyses (EDX) show that the organic polymer PFA and TiO2 is homogenously 
distributed within the materials at several micrometers. 
The quantitative elemental analyses (EA) and thermogravimetric analysis (TGA) 
(Table D1) of both types of hybrid materials show similar results.  
TGA analysis shows the following: At approximately 290 °C (± 20 °C), PFA/TiO2 
materials start to disintegrate. The onsets of decomposition for some TGA curves 
could not exactly be determined because a wide temperature range of decomposition 
takes place (see SI). For comparison, the onset of decomposition temperature is 186 
°C for pure PFA which is synthesized by cationic polymerization of FA with Tf2O as 
catalyst ([M]/[I] = 20) (SI). The PFA within the nanocomposite shows a significantly 
increased thermal stability. 
As measured by EA, the sulphur content of the PFA/TiO2-hybrid materials clearly 
indicates that Tf2O is a part of the material. The sulphur amounts of hybrid materials 
correlate with the chosen [M]/[I] ratio. Accordingly, the decrease of the catalyst 
concentration leads to a decrease of sulphur content within the final material. 
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Importantly, significant differences between PFA/TiO2 hybrid materials from either TP 
of 1 or SP of FA/Ti(OiPr)4 become visible when the arrangement at the nano-scale is 
observed by SEM measurements (Pictures see Figure D3). Regular spherical 
structures with diameter of 1.3 − 1.6 µm were obtained by TP of 1 (material No. 3). 
TiO2 domains of hybrid material No. 3 are 2−4 nm in dimension and homogeneously 
distributed up to 1 µm. In contrast, the SP of FA/Ti(OiPr)4 (material No. 5) yields a 
composite with larger primary particles of ~10 µm in diameter. The TiO2 domains of 
that material are much larger (20−500 nm) compared to hybrid material synthesized 
by TP of 1. 
The results of the TEM of PFA/TiO2 materials significantly show the advantage of TP 
compared to SP. TP is a suitable method to produce very small dimensions of 
nanostructures down to 2 nm. Those small dimensions of TiO2 have not yet been 
achieved by other synthetic methods. 
Poly(thiophene-2-methanol) (PTA)/TiO2 hybrid materials could only be obtained by 
TP of 2 under the chosen reaction conditions. Solid state 13C {1H} CP MAS NMR 
spectra and EDX analyses (see SI) indicate the formation of PTA and homogeneous 
distributions of elements (C, O, S) within the hybrid material in range of several 
micrometers. However, phase separation within the material at nano-scale occurred. 
An inhomogeneous distribution of TiO2 aggregates in the range of several hundred 
nanometers was formed, as seen in Figure D3. Using a larger magnification, 10−30 
nm sized acicular particles are observed. Compared to PFA/TiO2 hybrid materials, 
those TiO2 domains of PTA/TiO2 material are fine-crystalline rutile as measured by 










Figure D3. High resolution electron microscopic measurements of hybrid materials to 
show the comparison of Twin-polymerisation with simultaneous polymerization 
(Experiments No.3,4 and 5 from Table D1). 



















In contrast to the TP of 2, the SP of TA/Ti(OiPr)4 mixtures never resulted in hybrid 









phase separation of two liquids could be observed. The colourless lower phase is 
very sensitive to moisture. Under atmospheric conditions, a sample of this liquid 
reacts spontaneously to a white slurry. The 13C NMR spectrum of this colourless 
liquid provides information on triflate groups which are most likely bonded to titanium 
(see SI). The same colourless liquid turned to white solids at [M]/[I] ≤ 20 (under argon 
atmosphere in the reaction vessel), too (see Table D1). At [M]/[I] ≥ 35, neither phase 
separation nor white solid precipitations could be observed after 4 months at room 
temperature. However, the initially colourless reaction mixture became slightly 
yellowish.  
EXD analyses of the white solids indicate oxygen, sulphur, fluorine and high contents 
of titanium (SI). GPC analyses (Table D2) and NMR analyses (see SI) at different 
reaction times of the upper yellow to brown solutions indicate formation of PTA. 
Compared to FA, the cationic polymerization of TA yields no cross linked polymer 
due to the higher aromatic behaviour of the thiophene rings [32]. 
 
Table D2. GPC measurements of the upper phases obtained by SP of TA/Ti(OiPr)4 
mixtures. 
No. [M]/[I] time a) Mn (g/mol) b) Mw (g/mol) b) 
6 5 
1 hour 249 250 
3 hours 794 1129 
96 hours 998 1773 
10 10 96 hours 872 1398 
14 20 140 hours   
18 35 4 months   
22 50 4 months   
a) samples for GPC measurements were taken from the reaction vessel at these point in times after 
addition of catalyst; b) GPC analyses were measured in THF (polystyrene standard); 
 
It is suggested that at first Tf2O reacts with traces of water to TfOH (Figure D4). 
Afterwards the formed triflic acid catalysed the polycondensation reaction of TA to 
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(CF3SO2)2O  +  H2O1.) 2 CF3SO2OH
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Ti(OiPr)4--x(OSO2CF3)x  +  x HOiPr
lower colourless solution
4.) Ti(OiPr)4--x(OSO2CF3)x  +  2 H2O TiO2  +  4-x HOiPr  +  x CF3SO2OH
PTA under release of water. Depending on the [M]/[I] ratio, water once again reacts 
with Tf2O to TfOH. The increase of TfOH concentration during SP auto-catalyses 
further polycondensation reactions. However, Ti(OiPr)4 reacts with TfOH to produce 
mixtures relating to Ti(OiPr)4−x(OSO2CF3)x which are not soluble in common organic 
solvents. The concentration of water increases with conversion of cationic TA 
polycondensation. Finally, Ti(OiPr)4−x(OSO2CF3)x hydrolyses and condensation 
reactions of Ti−OH groups yield TiO2. Thus the formation of TiO2 during SP relates to 
a non-aqueous sol-gel process. 
 











Table D3 gives a final statement of TP and SP for 1 and 2. Organic polymer fractions 
were formed in all polymerization experiments. However, hybrid material composed 
of polymer/TiO2 could only be obtained by TP of 1 and 2, respectively, or SP of 
FA/Ti(OiPr)4 mixtures. However, several attempts of acid catalysed SP of 





Table D3. Comparison between TP and SP. 
 
Twin Polymerization Simultaneous Polymerization 
of 1 of 2 of FA/Ti(OiPr)4 of TA/Ti(OiPr)4 
formation of organic 
polymer 
yes yes yes yes 
formation of hybrid 
material composed 
of organic polymer 
and TiO2 
yes yes yes no 
dimensions of TiO2 
domains within the 
material 
homogeneous 




distribution of several 
hundred nm aggregates of 
TiO2 (fine-crystalline rutile) 
homogeneous 





Therefore, we conclude that the reactivity of the pure TA is too low to form a polymer 
in a sufficient reaction time. The reactivity of the TA-moiety bond to the titanium 
cluster is significantly increased as shown by their ability to polymerize and to 
produce PTA/TiO2 (rutile) composite material. 
On the basis of the results we suggest that the polymerizable organic fragment within 
the TM or as separate component is considerably responsible for the ability of hybrid 
materials formation of both polymerization types. Gandini et al. showed that the 
reactivity of FA for cationic polycondensation reaction is significantly higher 
compared to TA. [28] This feature is attributed to the evident difference in 
nucleophilicity of furanic and thiophenic rings. [29] Moreover, PFA is a highly cross-
linked resin [30,31] whereas the molecular structure of PTA indicates a large fraction of 
linear chains as seen from NMR experiments.0 (see SI) The difference in tendency of 
crosslinking of PFA and PTA is attributed to the difference in hydride ion donating 
strength of the CH bond in the Aryl-CH2-Aryl linking. 
[30,31] The hydride ion strength of 
Aryl-CH2-Aryl is evidently larger for the furan moiety (aryl = furan) than it is for the 
thiophene ring (aryl = thiophene), because the furan ring effectively stabilizes the 
resulting carbenium intermediate which induces the crosslinking reaction. [31] 
The titanium-oxo-clusters 1 and 2 show the same molecular crystal structures. Thus, 
differences of hybrid material properties obtained by TP of 1 and 2 are apparently in 
nanoscale dimension. These must be the consequences of the different reactivity of 
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the heterocyclic rings. For highly cross-linked rigid PFA/TiO2 materials, 
homogeneous distributions of 2−4 nm TiO2 areas were obtained. In contrast, 
PTA/TiO2 materials consist of an inhomogeneous distribution of several hundred 
nanometer TiO2 aggregates. This may be explained by the result of the higher 
mobility of the PTA chains which do not rapidly undergo crosslinking. 
The two questions raised in the introduction can be clearly answered. TP is 
advantageous compared to SP for two reasons. The reactivity of heterocyclic rings 
suitable for cationic polycondensation is increased when linked to a titanium centre 
by Ti-O-CH2-bonds. Obviously, the oxygen atom of 1 or 2 is stronger negatively 
polarized compared to the oxygen atom of pure FA or TA. This polarization induces a 
larger nucleophilicity of the furan or thiophene moiety which is of importance for the 
course of cationic polycondensation reaction. For that reason PTA/TiO2 hybrid 
materials are only available through TP and not through SP. 
The direct coupling of the organic and inorganic fragment within the TM is a 
guarantee that phase separation during the polymerisation process does not occur 
rapidly. However, the rate of phase separation depends on the reactivity of the 
polymerizable organic monomer fragment of TM. If the reactivity is too low, larger 
domains of the nano-scale are formed. The accurate quantification of those graduate 
effects is the concern of further experimental and theoretical studies. 
 
Formation of TiO2 by oxidation of hybrid materials. 
To produce the completely pure anatase material from the raw hybrid material, the 
TiO2 component has to crystallize before oxidation of the organic part was carried 
out. Without pretreatment of hybrid materials, TiO2-mixtures of anatase and rutile in 
different proportions were obtained by oxidation of hybrid materials at 400 °C under 
air atmosphere. [3] 
Other procedures i and ii were studied in detail on material No. 3 (Table D1) in order 




i) The polymer/TiO2-material has been treated with an excess of distilled water for 
12 hours at 100 °C before oxidation was carried out at 400 °C under air atmosphere 
(Table D4). [5,6] 
 
ii) Another way to synthesize anatase was an attempt of thermal treatment of the 
PFA/TiO2 material for 5 hours at 400 °C under argon atmosphere. Then, the treated 
hybrid materials were oxidized for 20 hours at 400 °C under air atmosphere. 
Table D5 shows the results of the treated composites to achieve crystalline TiO2. 
 
Table D4. Results of thermal water treatments and oxidation (i) of PFA/TiO2- and 





TiO2 after oxidation of 




TiO2 after oxidation of 
water treated hybrid 
material 
crystal phases 
of TiO2 a) 
pure anatase 
anatase (97.2 %) 
rutile (0.9 %) 
brookite (1.9 %) 
pure anatase 
anatase (75.7 %) 
rutile (21.9 %) 
brookite (2.3 %) 
particle sizes of 









BET surface of 
TiO2 (g/m
2) 
c) 109 c) 177 
a) XRD are available in SI; b) determined by use of the Scherrer equation; c) not possible to determined 
 
The research is focused on crystal phases, particle sizes and BET surfaces of the 
different kinds of material. As seen in table D4, the water treatment of PFA/TiO2 as 
well as PTA/TiO2 results in semi-crystalline materials. Concerning the crystalline 
phase, only anatase can be determined by XRD measurements. By use of Scherrer 
equation, very small particle sizes in the range of 4 nm are determined. 
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Differences in crystal phase composition are observed after oxidation of semi-
crystalline materials. In both cases (PFA/TiO2 and PTA/TiO2), crystalline TiO2-
materials are obtained. However, the PFA/TiO2 material mainly results in anatase 
(97.2 %) as the crystalline phase. Compared to, the PTA/TiO2 material gives a 
mixture of anatase, rutile and brookite. In both cases, particle sizes of obtained TiO2 
are in the range of 10 – 12 nm. 
 
Table D5. Results of thermal treatments and oxidation (ii) of PFA/TiO2-hybrid 
material No. 3 (Table. D1). 
 
hybrid material heated under argon 
atmosphere 
TiO2 after oxidation of hybrid material heated under argon 
atmosphere 
crystal phases of 
TiO2 a) 
Pure anatase Pure anatase 
particle sizes of 
TiO2 (nm) b) 
23.3 36.8 




a) XRD are available in SI; b) determined by use of the Scherrer equiation; c) not possible to determined 
 
Compared to procedure i, the thermal treatment of PFA/TiO2-hybrid material under 
argon atmosphere results in semi-crystalline materials. However, the particle sizes of 
anatase are six times larger than particle sizes of water treated material. Also, larger 
particle sizes were obtained after oxidation of the organic polymer phase. 
 
D.3. Experimental Section 
 
General. 
Ti(OiPr)4 (98+ %) and thiophene-2-methanol (99+ %) were purchased from Acros 
Organics. Trifluoromethanesulphonic anhydride (99 %) was purchased from ABCR. 
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Furfuryl alcohol (98 %) was purchased from Acros Organics and was distilled over a 
column before used. 
The PXRD curves were recorded using a 4-circle diffractometer XRD 7 (GE 
Inspection Technologies, former Seifert-FPM, Freiberg). Ni-filtered Cu-Kα radiation 
was used for step mode measurement in the angular range 2Θ = 15 ° ... 80 °. The Kα 
separation was taken by Rachinger processing and the background correction was 
carried out with a cubical spline function. The apparatus correction for the particle 
size analysis was carried out with a Si powder standard in a pre-experiment 
accordingly. Data evaluation and phase determination were carried out using the 
difractometer software "Rayflex" in connection with the JCPDS database. 
 
Scherrer equation. The crystalline size Dhkl perpendicular the plane (hkl) is always 
the lower limit of the mean particle size D: 
  






















λ X-ray wavelength, 
2Θ scattering angle (base of measurement), 
β1/2,M measured FWHM of 2Θ profile, 
β1/2,A apparatus FWHM-part of 2Θ profile, 
K Scherrer factor [19,20]. 
 




13C {1H} CP MAS NMR experiments were recorded with a Bruker Digital Avance400 
spectrometer at 100.6 MHz. The sample spinning rate was 12 kHz. The repetition 
time was 6 s and the cross polarization time 5.5 ms. Adamantane was used as 
external standard (13C, δ = 38.5 ppm). 
TG-analyses were measured with a Perkin Elmer TGA 7 equipment under air 
atmosphere. 
SEM images were recorded with a Philips SEM515 scanning electron micrograph. 
Elemental analyses were measured on a Vario EL (Elementar Analysesysteme, 
Hanau). 
BET surfaces were measured on a Sorptomatic 1990. 
HAADF-STEM analyses were performed by Dr. G. Cox BASF/Ludwigshafen. 
 
Synthesis of (µ4-oxido)-hexakis(µ-furfuryloxo)-octakis(furfuryloxo)-tetra-
titanium 1 and (µ4-oxido)-hexakis(µ-thiophen-2-methoxo)-octakis(thiophen-2-
methoxo)-tetra-titanium 2. 
The syntheses, crystal data and spectroscopic information of 1 and 2 were done 
according to ref. [35]. 
 
General procedure of Twin Polymerization of 1 and 2. 
In polymerization experiments, TM 1 or 2 was dissolved in toluene at room 
temperature under argon atmosphere. According to respective monomer-initiator 
ratio (Table D6), trifluoromethansulfonic anhydride in toluene was added. The initially 
brown reaction solution turned dark. The resulting composite material was filtrated in 
a single portion from the reaction mixture and dried under vacuum at 40 °C until it 
reached a constant weight. 
If TP was performed in melt, TM 1 or 2 was melted at 120 °C under argon 
atmosphere. To the clearly brown or yellow melt, trifluoromethansulfonic anhydride 
([M]/[I] = 100) was added. Spontaneously, dark brown solids were formed. 
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Table D6. Reaction conditions of TP with Tf2O as initiator at room temperature. 
No. system [M]/[I] nmonomer (mmol) nTF2O
 (mmol) VToluol (mL) reaction time b) 
1 1 a) 100 1.966 0.275 − < 1 min 
2 2 a) 100 1.663 0.233 − < 1 min 
3 1 5 13.569 37.993 184 < 1 min 
4 2 5 11.966 33.506 162 < 1 min 
7 1 10 14.233 19.926 196 < 1 min 
8 2 10 12.647 17.706 174 < 5 min 
11 1 20 11.763 8.234 163 18 hours 
12 2 20 8.713 6.099 121 93 hours 
15 1 35 11.552 4.621 161 111 hours 
16 2 35 12.742 5.097 178 48 days 
19 1 50 11.910 3.335 166 288 hours 
20 2 50 13.434 3.762 187 4 months c) 
a) polymerization in melt (120 °C); b) time till hybrid material was formed; c) no formation of hybrid 
material after 4 months at room temperature − afterwards, the reaction mixture was heated at 120 °C 
for 2 hours and in the process hybrid material was formed;  
 
General procedure of Simultaneous Polymerization of FA or TA and Ti(OiPr)4. 
In polymerization experiments, FA or TA and Ti(OiPr)4 were dissolved in toluene at 
room temperature under argon atmosphere. According to respective monomer-
initiator ratio (Table D7), trifluoromethansulfonic anhydride in toluene was added. In 
case of FA/Ti(OiPr)4, the initially colourless reaction solution changed to dark. After 
reaction time, the resulting composite material was filtrated in a single portion from 
the reaction mixture and dried under vacuum at 40 °C until it had reached a constant 
weight. In case of TA/Ti(OiPr)4, the initially colourless reaction solution changed to 
yellow or brown depending on [M]/[I] ratio. At high catalyst concentrations, phase 




Table D7. Reaction conditions of SP with Tf2O as initiator at room temperature. 
 
No. system [M]/[I] nFA or TA (mmol) nTi(OiPr)4
 (mmol) nTF
2
O (mmol) VToluol (mL) reaction time a) 
5 FA/Ti(OiPr)4
 5 24.261 6.065 4.852 23 < 1 min 
6 TA/Ti(OiPr)4 5 23.474 5.868 4.695 23 96 hours b) 
9 FA/Ti(OiPr)4 10 26.300 6.575 2.630 26 22 hours 
10 TA/Ti(OiPr)4 10 22.510 5.628 2.251 22 96 hours b) 
13 FA/Ti(OiPr)4 20 26.707 6.677 1.335 26 95 hours 
14 TA/Ti(OiPr)4 20 23.299 5.825 1.165 23 140 hours b) 
17 FA/Ti(OiPr)4 35 25.892 6.473 0.740 26 182 hours 
18 TA/Ti(OiPr)4 35 26.977 6.744 0.771 27 4 months c) 
21 FA/Ti(OiPr)4 50 27.421 6.855 0.548 27 321 hours 
22 TA/Ti(OiPr)4 50 29.167 7.292 0.583 29 4 months c) 
a) time till hybrid material was formed; b) brown clear solution over white precipitation was observed; c) 
no phase separation nor hybrid material was observed; 
 
Water treatment of composite materials. 
2.5 g of composite material was suspended in 25 mL (100 g/L) of water and stirred 
for 12 hours at 100 °C. The composite material was filtrated in a single portion from 
the water solution, washed with acetone (50 mL) and dried under vacuum at 40 °C 
until it had reached a constant weight. 
 
Thermal treatment of composite materials under argon atmosphere. 
Composite materials were heated in a quartz glass tube for 5 hours at 400 °C 






Removing of polymeric material from composites. 
Composite materials were heated in a quartz glass tube for 20 hours at 400 °C 
(heating rate of the muffle kiln 1.6 K/min) under air atmosphere to produce white 




Cationic Twin Polymerization of 1 and 2 is a novel strategy to synthesize amorphous 
composite materials consisting of a homogeneous nano-distribution of titanium rich 
domains and organic polymer. Such domains indicate that the formation of TiO2 and 
the organic polymer occur at the same time. Microstructuring of the composite 
material can be controlled by the chosen initiator concentration and is also a function 
of the reactivity of the polymerizable organic component of the Twin Monomer.  
Cationic simultaneous polymerization of FA and Ti(OiPr)4 yields composite materials 
composed of PFA, TiO2 and TfOH. However, this result indicates that the formation 
of PFA and TiO2 took place at different times. The consequence is a coarser phase 
distribution of TiO2 and organic polymer compared to TP of 1. However, the 
simultaneous polymerization of TA and Ti(OiPr)4 yields no composite materials under 
the chosen reaction conditions. 
TiO2 can be obtained by oxidation of the composite materials at 400 °C under air 
atmosphere. Without a thermal pre-treatment, the titanium oxides almost consist of 
random anatase/rutile contents. Crystallization of anatase will be generated by 
thermal water treatment at 100 °C or thermal treatment at 400 °C under argon 
atmosphere. However, the microstructuring of the composite materials are partly 
destroyed by thermal treatment under argon atmosphere. 
BET surfaces of the titanium oxides, obtained by oxidation of the thermal water 
treated composite materials, are in range of 80 − 180 m2/g. 
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E. Sulphur-doped porous carbon from a thiophene-based 
twin monomer 
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Gerhard Cox, Frank Simon and Stefan Spange 
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 Die vorliegende Publikation beschreibt die Herstellung von schwefeldotierten 
porösem Kohlenstoffmaterial. Die Arbeit wurde von Dr. Falko Böttger-Hiller verfasst 
unter Federführung von Prof. Stefan Spange. 
Mein Anteil an dieser Publikation war die Synthese und Zwillingspolymerisation von 
Tetrathenyloxysilan sowie die Charakterisierung der erhaltenen Hybridmaterialien. 
 
Sulphur-doped carbon was synthesized using a thiophene-based twin monomer. 
While tetra(thiophene-2-ylmethoxy)silane can be converted into sulphur containing 
nanocomposites, which lead to microporous sulphur-doped carbon, it is possible to 
produce additional mesopores by the use of templates. Thus, a variety of sulphur-




Carbon-based materials are produced in industrial scale, chemically and thermally 
stable and show a wide range of physicochemical properties.[1] A major tool to tune 
carbon materials is heteroatom doping altering their properties and enables versatile 
applications, such as electrode materials for catalysis or energy storage, in 
supercapacitors, as electrode material for oxygen reduction reaction (ORR), 
stationary phases, and chemoselective adsorption.[1-8]  
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Nitrogen is frequently used as dopand, but also boron, sulphur and other dopants are 
of current interest.[3] Particularly, the doping with sulphur appears to be interesting 
and useful to enhance the properties of carbon materials, for example, in their 
electrocatalytic activity.[1] 
Thus, Schmidt et al. pointed out the importance of sulphur-doped carbon materials 
and new synthetic approaches to produce such materials.[3] Starting from a sulphur 
containing, microporous polymer network (Sg = 1060 m
2 g−1, Vmicro = 0.26 cm
3 g−1) 
Schmidt et al. obtained sulphur-doped carbon with different sulphur contents 
(5−23 m-%), decreased specific surface areas (599−711 m2 g−1) and micropore 
volumina (0.13−0.24 cm3 g−1) after carbonizing at several temperatures. However, to 
our knowledge, no one so far described how to synthesize nanostructured sulphur-
doped carbon hollow spheres with hierarchical pore texture. 
 Here, we will present an elegant way to produce tailored porous sulphur-
doped carbon. The starting material for sulphur containing materials is 
tetra(thiophene-2-ylmethoxy)silane[9] (1), a thiophene-based twin monomer (Fig. E1). 
 
Fig. E1 Comparison of twin polymerization carried out in the bulk phase and twin 
polymerization on the surface of SiO2 particles. 
 
 
After adding an acid as cationic catalyst, the twin monomers react by means of twin 
polymerization[9-14] to a polymer/SiO2 nanocomposite. During the formation of the 
a) Twin polymerization of 1
n

























composite material, the organic compound can be considered as template for the 
inorganic component and vice-versa. Thus, the composite can be converted into a 
microporous, sulphur-doped carbon by subsequent carbonization and removal of the 
SiO2 phase.  
Thereby, the synthetic concept of twin-polymerization is established as a 
fundamentally new method for surface modification of silica particles. The 
polymerization process on a distinct surface is a complex process because it is 
competitive to the reaction in the bulk phase. To overcome this problem, the cationic 
surface polymerization of the twin-monomer 1 can be mediated by a suitable catalyst. 
Furthermore, to avoid side-products beside coated SiO2 particles, the catalyst should 
be adsorbed completely on the particle surface. Since anions from sulfonic acids 
adsorb well on silica surfaces[15], methanesulfonic acid, which is soluble in 
dichloromethane and insoluble in toluene, was employed to catalyze the 
polymerization of 1 directly on the silica particles surface. First, silica particles were 
dispersed in a solution of methanesulfonic acid in dichloromethane. To functionalize 
the silica particles the solvent was evaporated and different amounts of the twin 
monomer 1 diluted in toluene were added. After carrying out the twin 
polymerizations, the carbon and sulphur contents of the produced hybrid materials 
correlated linearly to the monomer contents in the reaction mixture (Fig. E2, see 
supporting information). 
 
Fig. E2 Carbon and sulphur content in mass-% (m-%) of hybrid material as function 




The synthetic route excellently works for the surface polymerization presented 
because thermogravimetric analysis (TGA) as well as elemental analysis (EA) 
showed that the methanesulfonic acid was completely adsorbed onto silica and no 
free acid was found in the solution after dispersion the acid-carrying silica particles in 
toluene.  
Interestingly, 1 and its precursor 2-thiophenemethanol polymerize poorly in solution. 
In a former work 1, which was dissolved in dichloromethane or toluene, was 
polymerized in a simultaneous twin polymerization in presence of a titan-containing 
twin monomer to form polymer/SiO2/TiO2 nanocomposites.
[9] In order to produce a 
reference hybrid sample (monomer content = 100 m-%) by methanesulfonic acid-
catalyzed twin polymerization a little amount of toluene was added to 1. 
As known from Asemani et al. the presence of silica is profitable to activate the 
methanesulfonic acid.[16] Hence, in contrast to 1’s low reactivity in organic solution, its 
surface mediated twin-polymerization is much faster on silica surfaces. This fact is 
due to the improved effect of the silicon atom (or another electropositive atom) on the 
heterolytic carbon-oxygen cleavage of the C4H3SCH2-O-bond during its electrophilic 
attack. As can be seen in the 13C-{1H}-CP-MAS-NMR-spectra the monomers react to 













Fig. E3 13C-{1H}-CP-MAS-NMR-spectra of nanocomposites derived from 1 after 
template-free polymerization and after polymerization on silica particles. The  13C-
NMR-spectrum of the solution polymerized 1 sample is shown for comparison above. 
 
After the twin polymerization the 13C-signal of the methylene group is shifted from 60 
ppm to 30 ppm. In comparison to the spectrum of the template-free polymerized 
sample the spectrum of the template assisted synthesized nanocomposite does not 
show significant differences. The two signals at 71 ppm and 40 ppm were assigned 
to incompletely converted monomer species (71 ppm) and small amounts of catalyst 
(40 ppm).[17] In contrast to the analogous twin polymerization of the furfuryl-based 
twin monomer, tetrafurfuryloxysilan[13], the polymer produced from 1 did not show a 
marked tendency to form networks. These findings agree with the studies by Gandini 
et al., who compared the cationic polymerization of furfuryl monomers with those of 
2-hydroxymethylthiophene monomers.[18] 
Figure E4 shows that the elements of the nanocomposite-layer made from 1 on a 
silica support are homogeneously distributed on micrometer scale. The specific 
surface area of the raw hybrid materials was less than 40 m2 g−1 in every case. 
[SiO2]n
[SiO2]n






Fig. E4 a) SEM image and b−f) EDX images taken from nanocomposite samples 
synthesized from 66 m-% 1 on Aerosil® OX 50. 
 
 
During the carbonizing process, the total mass was decreased to 60 m-% while 
carbon and sulphur containing gaseous fragments are released from the sample (see 
supporting information). The carbonization procedure gave a microporous (66 vol-% 
micropores) C/SiO2/S material with a specific surface area of 220 m
2 g−1 and a pore 
volume of 0.11 cm3 g−1.  
After removing the SiO2 support with hydrofluoric acid (the reaction was monitored by 
TGA, see supporting information) the total pore volume and the specific surface area 
of the sulphur-doped carbon samples yielded, was strongly increased. The specific 
surface areas measured with nitrogen according to the BET method was between 
680 and 870 m2 g−1. The carbons were decorated with 12−17 % sulphur (Tab. E1, 







Table E1 Specific surface areas (Sg) and pore volumes (volumes of micropores Vmicro 



















‒ 100 790 0.21 0.58 36 
300 89 810 0.24 0.79 30 
300 66 710 0.25 1.00 25 
300 33 870 0.26 1.26 21 
OX 50 66 680 0.20 0.66 30 
 
Thereby, the porosity properties of the samples depend on the monomer/template 
ratio of the reaction mixture. A high template content leads to a high total pore 
volume up to 1.26 cm3 g−1 and a decreased micropore content, while the micropore 
volume is nearly constant.  
Furthermore, the shape of spherical Aerosil® template particles is invers replicated. 
The morphology of the resulting hollow spheres depends on the used silica template.  
Thus, additional pores were generated by use of templates, which size the diameter 
of the template particles (Fig. E5) 
Hollow spheres with an inner diameter of about 40−50 nm (using Aerosil® OX 50, 
d ≈ 40 nm) and 10−15 nm (using Aerosil® 300, d ≈ 7 nm) are studied by TEM. The 
sample from synthesis with Aerosil® OX 50 showed partly defect spheres having an 
inner diameter of up to 150 nm. According to the TEM images, the pore size 
distributions were different. Aerosil® OX 50 gave larger mesopores compared to 
Aerosil® 300, but the measured pore sizes were different to diameters determined 
from TEM images.  Products made in presence of Aerosil® 300 showed mainly pores 
of 6−15 nm and products yielded from reaction on Aerosil® OX 50 showed pore sizes 







Fig. E5 a) TEM image of sulphur-doped carbon from synthesis of 66 m-% 1 with 
Aerosil® OX 50, b) TEM-image of sulphur-doped carbon from synthesis of 66 m-% 1 
with Aerosil® 300; c) nitrogen-sorption isotherms of the respective sulphur-doped 




For gaining more information about the C−S-bonding, X-ray photoelectron 
spectroscopy (XPS) was performed (see supporting information). High-resolution 






Fig. E6 a) High-resolution C 1s and S 2p XPS spectra recorded from the sample 
prepared by synthesis of 1 and Aerosil® OX 50. 
 
 
The C1s peak is characterized by an intensive component peak Gr resulting from 
graphite-like carbon atoms (284.5 eV).[1,3] Electron transitions between the π- and π*-
orbitals of the highly conjugated π-electron systems of these carbon atoms 
contributed to the intensive shake-up peaks observed in the C 1s spectrum. 
Component peak C shows C–OH bonds of carbon atoms involved in the π-electron 
system of the graphite-like lattice (286.1 eV). The S 2p spectrum consists of the S 
2p3/2 and S 2p1/2 peaks having a coupling constant of 1.18 eV. The S 2p spectrum is 
also characterized by intensive shake-up peaks appearing from sulphur atoms, which 
are involved in delocalized π-electron systems.[1,3] Following the reaction equation in 
Figure E1, it is not surprising that the majority of sulphur species (component peak M 
at 164.1 eV in the S 2p3/2 and M' at 165.3 eV in the S 2p1/2 spectrum) is carbon 
bonded. Moreover, these binding energies are known from C−S bonds and S-S 
bonds between two aromatic rings. Sulphur atoms of the residual thiophene 
precursors should show slightly decreased binding energies.[1,3]. Minor contributions 
of oxidized sulphur species were indicated as component peaks N (in the S 2p3/2 
spectrum at 165.0 eV) and N' (in the S 2p1/2 spectrum at 166.2 eV).
 The shakeup 
peaks between 165.8−169.2 eV are known to refer to sulphur atoms in aromatic 
systems, which fits to the carbon material under discussion.[3] Thus, it can be 
concluded that sulphur atoms are bonded to aromatic carbon atoms. 
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In summary, polymerization of 1 can be used to synthesize sulphur-doped carbon 
materials with high sulphur content. The microporous products have micropore 
volumina of 0.20−0.26 cm3 g−1. The use of spherical silica templates with polar 
surfaces led to additional pores with sizes can be adjusted. Furthermore, decreased 
monomer/template ratios gave decreased contents of micropores and increased total 
pore volumes. Thus, the twin polymerization carried out on silica templates can be 
considered as modular and elegant method to synthesize tailored sulfur-doped 
carbon materials with hierarchical pore structure. In comparison to other methods, it 
is possible to adjust the parameters controlling the shapes of the final products, such 
as the diameter and the shell thickness of sulphur-doped carbon hollow spheres. The 
synthetic concept seems to be a promising tool for the production of a variety of 
sulphur-decorated carbon materials. 
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F. Ein modularer Ansatz zur gezielten Herstellung 
nanostrukturierter Hybridmaterialien: Die Simultane 
Zwillingspolymerisation 
 
Tina Löschner, Alexander Mehner, Silke Grund, Andreas Seifert, Andreas 
Pohlers, Arno Lange, Gerhard Cox, Hans-Joachim Hähnle, Stefan Spange 
 
Veröffentlicht in Angew. Chem. 2012, 124(13), 3312–3315. 
 
 Die vorliegende Publikation beschreibt verschiedene Möglichkeiten der 
Herstellung von Hybridmaterialien durch gezielte Auswahl von Zwillingsmonomeren. 
Die Arbeit wurde von Dr. Tina Mark (geb. Löschner) verfasst. 
Mein Anteil an dieser Publikation war die Synthese, Charakterisierung und Simultane 
Zwillingspolymerisation von (µ4-Oxido)-hexakis(µ-furfuryloxo)-octakis(furfuryloxo)-
tetratitan und Tetrathenyloxysilan. Die Analyse der Hybridmaterialien war auch 
Bestandteil meiner Forschungsarbeit. 
 
Ein Paradoxon: Homopolymere entstehen bei der Copolymerisation zweier 
Zwillingsmonomere. Mit der Simultanen Zwillingspolymerisation können gezielt 
komplexe Hybridmaterialien synthetisiert werden. Je nach Kombination der 
Zwillingsmonomere werden nanostrukturierte Hybridmaterialien verschiedener 




Die Zwillingspolymerisation (ZP) hat sich als elegante Methode zur templatfreien 
Synthese von nanostrukturierten Hybridmaterialien und nanoskaligen, porösen 
anorganischen Oxiden erwiesen.[1] In einem Arbeitsschritt entstehen bei der ZP aus 
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dem sogenannten Zwillingsmonomer (ZM) zwei verschiedene Polymere, welche 
organischer oder anorganischer Natur sein können. Im ZM sind die 
polymerisationsfähigen Bausteine kovalent miteinander verknüpft. Diese kovalenten 
Bindungen werden im Verlauf des Polymerisationsprozesses gespalten. Damit ist 
gewährleistet, dass das zeitlich nahe Wachstum der beiden unterschiedlichen 
Polymerketten in einem eingegrenzten Reaktionsvolumen räumlich und 
mechanistisch gekoppelt abläuft. Dadurch grenzt sich die ZP klar von der 
Polymerisation heterobifunktioneller Monomere ab, bei denen die zwei 
polymerisationsfähigen Gruppen unabhängig voneinander polymerisieren oder 
vorerst eine dieser Gruppen bei der Polymerisation vollständig erhalten bleibt.[2–4] 
Bei der ZP kann theoretisch als Grenzfall resultieren, dass die verschiedenen 
Polymerstränge unmittelbar nach ihrer Entstehung auf molekularer Längenskala 
nebeneinander platziert sind. Deshalb entstehen bei bestimmten ZM in einem 
definierten Zeitfenster kompakte, nanostrukturierte Hybridmaterialien mit einer sehr 
kleinen Längenskala (1–2 nm) der beiden Homopolymerdomänen. 
Die bereits untersuchte ZP des ZM 2,2‘-Spirobi[4H-1,3,2-benzodioxasilin] (SBS) führt 
in nur einem Prozessschritt zu nanostrukturierten Hybridmaterialien, die aus  
Siliciumdioxid und Phenolharz bestehen (Schema F1).[1a] Generell führt die ZP von n 
Molekülen des ZM A-(C)m definitionsgemäß zur Bildung zweier Homopolymere -(A)n- 
und -(C)n∙m- (Schema F2).
[1a] 
 




SBS entspräche demnach einem A-C2 Zwillingsmonomer. Das Szenario, bei dem 
aus einem Monomer zwei Homopolymere entstehen, ist nach IUPAC nicht definiert 
und entspricht auch nicht einer Homopolymerisation.[5] Deshalb haben wir für dieses 
Szenario den neuen Begriff Zwillingspolymerisation eingeführt.[1d] 
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Schema F2 Die ZP eines Monomers A-(C)m entspricht definitions-gemäß nicht der 
Homopolymerisation nach IUPAC.[5] 
 
 
In dieser Arbeit wollen wir demonstrieren, wie mit Hilfe eines modularen Konzepts 
gezielt komplexe Hybridmaterialien verschiedenster Zusammensetzung synthetisiert 
werden können, indem zwei oder mehrere verschiedene ZM in einem Arbeitsschritt 
simultan polymerisiert werden. Diese neue Methode bezeichnen wir als die 
Simultane Zwillingspolymerisation (SZP). Eine Simultan-polymerisation ist im 
Gegensatz dazu die gleichzeitige Polymerisation von zwei unterschiedlichen 
Monomeren zu zwei Homopolymeren in einem System.[6] 
Die möglichen Szenarien der Simultanen ZP müssen ebenfalls neu klassifiziert 
werden, da klassische Definitionen für Polymerisationsprozesse nicht einfach 
übernommen werden können. In Schema F3 sind die Reaktionsgleichungen für drei 
unterschiedliche ZM-Kombinationen aufgeführt. Je nachdem ob die ZM die gleichen 
potentiell polymerisierbaren Gruppen tragen oder nicht, ergeben sich 
unterschiedliche Reaktionsmöglichkeiten und damit verschiedene Produkte. 
Dass eine neue Klassifizierung notwendig ist wird nach-vollziehbar, wenn man sich 
die theoretischen Möglichkeiten der Simultanen ZP von jeweils n Molekülen A-C und 
A-D betrachtet. Paradoxerweise kann dabei, weil beide ZM die gleiche 
polymerisierbare Struktureinheit A tragen, ein Homopolymer -(A)2n- entstehen, das 
laut der klassischen IUPAC-Definition eigentlich als Copolymer bezeichnet werden 
müsste.[5] Deshalb sollte für die gemeinsame Polymerisation mehrerer ZM zukünftig 
die Definition Simultane Zwillingspolymerisation und nicht der Begriff 
Copolymerisation gebraucht werden. 
Es ist aber möglich, dass im Falle von zwei ZM mit vier unterschiedlichen 
polymerisierbaren Einheiten, die organischen Einheiten C und D, z.B. ein Copolymer 
-(C-D)n- ausbilden können, die beiden anorganischen Komponenten A und B jedoch 




Schema F3 Grenzfälle der Simultanen Zwillingspolymerisation (SZP) von zwei ZM, 




Mit Hilfe ausgewählter Monomerkombinationen möchten wir hier die theoretischen 
Grenzfälle des neuen Synthesekonzeptes (Schema F3) experimentell verifizieren. 
Die Experimente sind so gewählt, dass grundlegende Kombinationen von ZM 
abgedeckt werden: A-(C)2 und A-(D)4 als ZM-Kombination mit gleicher anorganischer 
Komponente A, die Kombination A-(C)2 und B-C mit gleicher organischen 
Komponente C, sowie Monomere ohne gleiche Struktureinheiten A-(C)4 und B-(D)4. 





Schema F4 Drei Experimente zur Simultanen ZP zweier ZM. In der 
Reaktionsgleichung sind sowohl der Monomertyp als auch die theoretischen 
Hybridmaterialien der entstehenden Homopolymere aufgeführt. Die Entstehung 
möglicher Copolymere kann Schema F3 entnommen werden.  
 
 
Experiment 1 – gleiche anorganische Komponente 
Die Simultane ZP der Monomere A-(C)2 und A-(D)4 (Experiment 1, Schema F4) kann 
theoretisch zu zwei verschiedenen Produktkombinationen führen. Die strukturell 
unterschiedlichen, organischen Bausteine C und D können entweder im 
Reaktionsgemisch zwei Homopolymere -(C)n- und -(D)n- ausbilden (Homo-SZP) oder 
zu -(C-D)n- copolymerisieren (Co-SZP). Letzteres wurde jedoch für 
Polyfurfurylalkohol(PFA)/Phenolharz Kombinationen bisher nicht nachgewiesen, so 
dass eine Homo-SZP erwartet wurde.[7,8]  
Die CF3CO2H-katalysierte Simultane ZP von SBS mit Tetrafurfuryloxysilan (TFOS) in 
CH2Cl2 als Lösungsmittel ergibt demnach erwartungsgemäß SiO2, PFA und das 
Phenolharz. Die Simultane ZP wird durch die entsprechenden 29Si- und 13C-{1H}-CP-
MAS-Festkörper-NMR-Spektren der Hybridmaterialien belegt (Details siehe 
Hintergrundinformationen). 
Experiment 1 - gleiche anorganische Komponente:
Experiment 2 - gleiche organische Komponente:
































































Die Herstellung entsprechender reiner Kohlenstoff-Materialien aus den 
SiO2/PFA/Phenolharz-Hybridmaterialien erfolgt durch thermische Behandlung bei 
800°C in Schutzgasatmosphäre und anschließender Entfernung der Silikaphase mit 
Hilfe 40%iger HF-Lösung. Hierbei kann eine spezifische Oberfläche des 
resultierenden Kohlenstoffmaterials von 1290 m2 g-1 erhalten werden (Details siehe 
Hintergrundinformation). Die spezifische Oberfläche liegt damit deutlich höher als bei 
den Einzelkomponentensystemen (TFOS: Sg=160 m
2 g-1[1f], SBS: Sg=1018 m
2 g-1[1a]). 
Eine mögliche Erklärung für dieses Ergebnis sehen wir in der  höheren kationischen 
Reaktivität der Furan- im Vergleich zur Phenolharz-komponente, die zu einer 
kinetisch kontrollierten Polymerisation der organischen Komponente und damit einer 
kleineren Dimension der SiO2 Phase führt, wodurch höhere Oberflächen des daraus 
erzeugten Kohlenstoffmaterials resultieren. 
Experiment 2 – gleiche organische Komponente 
Werden Monomere des Typs A-(C)2 und B-C mit gleicher organischer Komponente, 
dem Phenol-Formaldehyd-Harz Baustein, kombiniert (Experiment 2, Schema F4), so 
können wiederum zwei Grenzfälle entsprechend Schema F3 auftreten. Die Simultane 
ZP der Monomere SBS und 2,2-Dimethyl-4H-1,3,2-benzodioxasilin (DBS) wurde in 













Abbildung F1 a) 13C-{1H}-CP-MAS-NMR- und b) 29Si-{1H}-CP-MAS-NMR-Spektren 
des SiO2/Dimethylsiloxan-Phenolharz-Hybridmaterials des Experiments 2. Der 
Stern * markiert Rotationsseitenbanden. 
 
 
Die von beiden Monomeren stammenden Phenolharzeinheiten bilden ein 
Phenolharz-Homopolymer aus. Die während der ZP gebildeten reaktiven 
Intermediate von SiO2 und Dimethylsiloxan-Zwischenstufen sind befähigt kovalent 
Bindungen auszubilden, wie in zahlreichen Publikation über Sol-Gel Prozesse unter 
Ausbildung von SiO2/Dimethylsiloxan-Hybridmaterialien bekannt ist.
[9–12] Der 
strukturelle Nachweis der Produkte im Festkörper erfolgte mit Hilfe der 29Si- und 13C-
{1H}-CP-MAS-Festkörper-NMR-Spektroskopie (Abbildung F1). Extraktionsversuche 
bestätigten, dass die gemeinsame Polymerisation der Monomere SBS und DBS den 
theoretischen Fall der Co-SZP vollständig erfüllt, da im löslichen Anteil nahezu kein 
Poly- oder Oligodimethylsiloxan enthalten ist. Die Co-SZP von SBS und DBS des 
Experiments 2 ist demnach eine neue Methode zur Synthese von Hybridmaterialien 
aus Phenolharz und SiO2/Dimethylsiloxan. 
Die energiegefilterten transmissionselektronenmikroskopischen Aufnahmen (EFTEM) 
zeigen, dass in nur einem Prozessschritt ein monolithisches und nanostrukturiertes 
Hybridmaterial erzeugt wird, wobei die Domänengröße der Nanostrukturen für die 
Elemente Silicium und Sauerstoff in der Größenordnung von 2–3 nm liegt (Abbildung 
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F2). Während der Simultanen ZP kam es zu keinerlei Agglomeration oder 
makroskopischer Separation der einzelnen Komponenten. 
 
Abbildung F2 Aus Experiment 2 erhaltenes, transparentes, monolithisches 
SiO2/Dimethylsiloxan-Phenolharz-Hybridmaterial (a) und dazugehörige EFTEM-
Aufnahmen mit Elementverteilungen von Sauerstoff (b), Silicium (c) und 




Experiment 3 – ohne gleiche Struktureinheiten 
Die beiden Monomere (µ4-Oxido)-hexakis(µ-furfuryloxo)-octakis(furfuryloxo)-tetratitan 
(TiFu) und Tetrathenyloxysilan (TTOS) besitzen jeweils unterschiedliche 
anorganische und organische Struktureinheiten (Experiment 3, Schema F4). Bei der 
Simultanen ZP von TiFu und TTOS können vier mögliche Grenzfälle der 
Produktbildung nach Schema F3 resultieren: a) Gemische von SiO2, TiO2 , PFA und 
Polythenylalkohol (PTA) (Homo-Homo-SZP); b) ein Titanosilikat und ein Copolymer 
aus PFA und PTA (Co-Co-SZP); c) ein Titanosilikat und ein Gemisch aus PFA und 
PTA (Homo-Co-SZP); d) ein Gemisch aus SiO2 und TiO2 und ein Copolymer aus 
PFA und PTA (Homo-Co-SZP). Weiterhin sind Gemische der Produkte resultierend 






Experimentell wird bei der säurekatalysierten Simultanen ZP des TiFu- und des 
TTOS-Monomers ein schwarz gefärbtes, festes Hybridmaterial erhalten, dessen 13C-
{1H}-CP-MAS-NMR-Spektren in Abbildung F3 und Weitwinkel-Röntgenstreukurven 
(WAXS) in Abbildung E4 gezeigt sind. 
Anhand der 13C-{1H}-CP-MAS-NMR Experimente können beide organischen Harze, 
PFA und PTA, nebeneinander nachgewiesen werden. Der Vergleich der 13C-{1H}-
CP-MAS-NMR Spektren des Hybridmaterials der Simultanen ZP mit den Materialien 
die durch eine getrennte ZP von TiFu oder TTOS erhalten wurden, zeigt die jeweils 
kompletten NMR-Signal Sätze von PFA und PTA im Produkt der Simultanen ZP. 
 
Abbildung F3 13C-{1H}-CP-MAS-NMR Spektren der Hybridmaterialien a) aus 
Experiment 3 mit dem Monomerverhältnis TiFu:TTOS= 1:3.5 und dem Katalysator 
Trifluormethansulfonsäureanhydrid (Tf2O), ([Furfuryl+Thenyl]:(CF3SO2)2O = 35:1; 
16 h bei RT); b) erhalten aus der ZP des ZM TTOS und dem Katalysator Tf2O, 
(Thenyl:(CF3SO2)2O = 20:1; 16 h bei RT); c) erhalten aus der ZP des ZM TiFu und 





Die anorganische Komponente des Hybridmaterials wurde durch Röntgen-
Beugungsexperimente (WAXS) untersucht. Die Diffrakto-gramme des 
Hybridmaterials und des oxidierten Rückstandes sind in Abbildung F4 (b und c) im 
Vergleich zum Al-Probenhalter (d) und den Vergleichsreflexen von Anastas (a) 
gezeigt. 
 
Abbildung F4 a) Beugungsreflexlagen von Anatas; b) oxidiertes Hybridmaterial aus 
Experiment 3 (10 h, 600°C, Luftatmosphäre); c) Hybridmaterial aus Experiment 3; d) 
Diffraktogramm des Al-Proben-halters. 
 
 
Das Material nach der Simultanen ZP ist röntgenamorph. Die Oxidation dieses 
Materials bei 600°C ergibt ein weißes Pulver, das teilkristallin ist. Als kristalline 
Phase konnte Anatas nachgewiesen werden. Die Dimensionen der kohärent 
streuenden Bereiche wurden mittels der Debye-Scherrer Beziehung auf 6 nm 
bestimmt. 
Das Ergebnis ähnelt der ZP von TiFu, bei der auch röntgenamorphe Materialien 
erhalten werden, die erst nach der Oxidation hochkristalline Titanoxide ergeben.[1e] 
Nach der Oxidation liegt Anatas (TiO2) als Reinphase in einer SiO2-Matrix vor. 
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Die Simultane ZP des Typs A-(C)4 und B4-(D)14 (Experiment 3, Schema F4) kann 
wahrscheinlich vollständig dem Grenzfall Homo-Homo-SZP zugeordnet werden. Die 
organische Phase besitzt einen polymeren Aufbau, bei dem PFA und PTA 
hauptsächlich als Homopolymere vorliegen. Die anorganische Phase des oxidierten 
Materials besteht aus einer Mischung aus TiO2 (Anatas) und SiO2 (röntgenamorph), 
wobei röntgenamorphe Mischphasen von SiO2/TiO2 nicht vollständig ausgeschlossen 
werden können. Inwieweit durch Angleichung der Reaktivität der organischen 
Monomerkomponenten im ZM zukünftig Titanosilikate zugänglich sind, ist 
Gegenstand aktueller Untersuchungen. 
Die vorgestellten Beispiele belegen, dass das Konzept der Simultanen ZP ein 
enormes Potential für die Konzipierung von nanostrukturierten Hybridmaterialien 
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Im Rahmen der vorliegenden Arbeit wurde die kationische Zwillingspolymerisation 
von titan-haltigen Zwillingsmonomeren untersucht. Das Konzept der 
Zwillingspolymerisation zeichnet sich durch den simultanen Aufbau zweier Polymere 
aus nur einem Monomer aus (Schema G1). 
 
Schema G1. Konzept der Zwillingspolymerisation. 
 
 
Als Zwillingsmonomere wurden  (µ4-Oxido)-hexakis(µ-furfuryloxo)-
octakis(furfuryloxo)-tetra-titan (1), (µ4-Oxido)-hexakis(µ-thiophene-2-methoxido)-
octakis(thiophen-2-methoxido)-tetra-titan (2) und Tetrathenyloxysilan (3) synthetisiert. 
Die Kristallstrukturen von 1 und 2 bestehen aus einem Ti4(µ4-O)(µ-O)6-Kern 
umgeben von 14 organischen Liganden. Beide Monomere kristallisieren als Racemat 
von zwei chiralen Enantiomeren. Im Gegensatz zu 1 konnte bei 2 eine reversible 
Phasenumwandlung im Bereich von 163 – 186 K festgestellt werden. 
Die kationische Zwillingspolymerisation von 1 führt zu schwarz/braunen 
röntgenamorphen Hybridmaterialien, die aus interpenetrierenden Bereichen von 
Polyfurfurylalkohol und TiO2 bestehen. SEM und EDX Analysen zeigen eine uniforme 
Verteilung von Titan, Sauerstoff und Kohlenstoff bis hin zu wenigen Nanometern. Die 
Oxidation des organischen Polymers bei 400 °C unter Luftatmosphäre ergibt 
kristallines TiO2 in verschiedenen Anteilen der Kristallmodifikationen Anatas und 
Rutil. Das Titandioxid besitzt BET-Oberflächen von 15 m2/g bis 100 m2/g. 
Ausschließlich Anatas wird erhalten, wenn vor dem Oxidationsprozess eine 
hydrothermale Behandlung des Hybridmaterials angewandt wird. Das so erhaltene 
Anatas besitzt BET-Oberflächen von bis zu 171 m2/g und Partikelgrößen im Bereich 
von 9 nm. 
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Als Vergleich dazu wurden Mischungen aus Furfurylalkohol und Tetraisopropyltitanat 
[Ti(iOPr)4] kationisch polymerisiert. Als Reaktionsprodukt dieser 
Simultanpolymerisation wurden schwarz/braune Hybridmaterialien erhalten, 
bestehend aus PFA und TiO2. Der Unterschied zwischen Hybridmaterialien 
hergestellt aus ZP und SP wird ersichtlich in der Verteilung zwischen TiO2- und PFA-
Domainen im Nanometerbereich. Während sehr homogene Verteilungen bis 2-4 nm 
bei TP erreicht werden, sind Bereiche bei SP mit 20-500 nm größer. 
Die Ergebnisse der TEM-Analysen der PFA/TiO2 Materialien zeigen deutlich den 
Vorteil der ZP gegenüber SP. ZP ist ein geeignetes Verfahren, sehr kleine 
Abmessungen von Nanostrukturen bis hin zu 2 nm herzustellen. Die kleinen 
Abmessungen von TiO2 konnten durch andere Syntheseverfahren noch nicht erreicht 
werden. 
Die kationische Zwillingspolymerisation von 2 führt zu dunklen braunen 
Hybridmaterialien. Festkörper 13C-NMR Analysen zeigen die Bildung von PTA. Die 
Verteilung zwischen organischen Material und TiO2 im Nanometerbereich unterliegt 
einer Phasenseparation. TiO2-Abschnitte von mehreren hundert Nanometer sind 
sichtbar. Anders als bei Hybridmaterialien hergestellt aus 1, bestehen diese Bereiche 
aus feinkristallinen Rutil. 
Im Vergleich zur ZP von 2 führt die kationische SP von Thiophen-2-methanol und 
Ti(iOPr)4 zu keiner Bildung von festen Hybridmaterialien. Bei verschiedenen 
Versuchsbedingungen konnten lediglich gelb/braune Flüssigkeiten erhalten werden. 
Abhängig vom Monomer/Initiator-Verhältnis wurde zusätzlich die Bildung einer 
farblosen Flüssigkeit beobachtet, die sich von der gelb/braunen Flüssigkeit separiert. 
NMR Analysen der gelb/braunen Flüssigkeit zeigt die Bildung von PTA. Im Vergleich 
zu Furfurylalkohol bildet Thiophen-2-methanol keine vernetzten Strukturen aufgrund 
des höheren aromatischen Charakters der Thiophenringe. 
NMR Analysen der farblosen Flüssigkeit zeigt Triflatgruppen, die an Titan gebunden 
sind. Bei Kontakt mit Feuchtigkeit bildet sich aus der farblosen Flüssigkeit ein weißer 
Feststoff, der als TiO2 analysiert werden konnte. 
Auch hier zeigt sich die unterschiedliche Reaktivität zwischen ZP und SP. Da die 
räumliche Nähe der kationisch polymerisierbaren Gruppen am Titan durch kovalente 
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Bindungen bei 2 gegeben ist, führt auch die kationische ZP zu anderen 
Reaktionsprodukten, als wenn Thiophen-2-methanol und Ti(iOPr)4 in einer 
kationischen SP reagieren. Aber auch die Reaktivität der organisch 
polymerisierbaren Einheit besitzt einen wesentlichen Einfluss auf den Aufbau des 
späteren Hybridmaterials. 
Die simultane Zwillingspolymerisation von 1 mit 3 führt zu dunklen/braunen 
Hybridmaterialien. Bei diesem Grenzfall unterscheiden sich sowohl die 
anorganischen als auch die organischen Komponenten der eingesetzten Monomere. 
Im Hybridmaterial kann sowohl SiO2, TiO2, PFA als auch PTA nachgewiesen werden. 
In wieweit bzw. welchen Anteilen Titanosilikate bzw. direkte Copolymere aus 
Furfurylalkohol und Thiophen-2-methanol vorliegen, ist schwierig zu analysieren und 
konnte letztlich nicht vollständig geklärt werden. 
Insgesamt konnten in dieser Arbeit 5 neue Zwillingsmonomere synthetisiert werden 
(Abbildung G1). 
 





Die Zwillingspolymerisation konnte mit allen Zwillingsmonomeren durchgeführt 
werden. Die Neigung der Polymerbildung ist stark abhängig von der 
polymerisierbaren organischen Einheit. Je aromatischer der Charakter, umso 
geringer die Tendenz der Polymerbildung. Allerdings zeigte sich, dass die 
anorganische Komponente die Polymerbildung begünstigt. Der Vergleich der ZP mit 
2 und der SP mit Thiophen-2-methanol und Ti(iOPr)4 zeigt eindeutig, dass die 
kovalente Bindung des Titans an die organische Komponente die Reaktivität für die 
Polymerisation stark erhöht. 
Auch die ZP von 4 und 5 führt zu Hybridmaterialien und Oligomeren des 
Anisalkohols in der löslichen Phase. Die erhaltenen Ergebnisse sind nicht publiziert, 
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Figure S1. DSC measurement of 1. 
 




Figure S2. Graphical illustration of the two different enantiomers of the title compound 1 (derived from the crystal structure of 1 
measured at 200 K). All hydrogen atoms as are omitted for clarity. Of disordered atoms only one atomic position is illustrated and only 
non-carbon atoms have been labelled. Please notice that the oxygen atoms O3 and O13 points out of the paper plane, whereas the 
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X-ray diffraction 
The WAXS curves were recorded using a 4-circle diffractometer XRD 7 (GE 
Inspection Technologies, former Seifert-FPM, Freiberg). Ni filtered Cu-Kα radiation 
was used for step mode measurement in the angular range 2 Θ = 15 ° ... 80 °. The Kα 
separation was taken by Rachinger processing and the background correction was 
carried out with a cubical spline function. The apparatus correction for the particle 
size analysis was determined with a Si powder standard in a pre-experiment 
accordingly. Data evaluation and phase determination were carried out using the 
difractometer software "Rayflex" in connection with the JCPDS database. 
Scherrer equation 
The crystalline size Dhkl perpendicular the plane (hkl) is always the lower limit of the 
mean particle size D:  
 





















λ X-ray wavelength, 
2Θ scattering angle (base of measurement), 
β1/2,M measured FWHM of 2Θ profile, 
β1/2,A apparatus FWHM-part of 2Θ profile, 
K Scherrer factor [19,20]. 





Solid state NMR experiments 
13C{1H}-CP-MAS NMR experiments were recorded with a Bruker Digital Avance400 
spectrometer at 100.6 MHz. The sample spinning rate was 12 kHz. The repetition 
time was 6 s and the cross polarization time 5.5 ms. Adamantane was used as 
external standard (13C, δ = 38.5 ppm). 
 
TG-analyses 
TG-analyses were measured with a Perkin Elmer TGA 7 equipment under air 
atmosphere. 
 
SEM and EDX measurements 
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1. XRD (WAXS) analyses of hybrid materials 
Figure 1. XRD measurements of PFA/TiO2 materials obtained by TP of 1. 
 























































Figure 3. XRD measurements of PFA/TiO2 materials obtained by SP of FA/Ti(OiPr)4. 
 
2. Solid state NMR analyses of the hybrid materials 
Figure 4. 13C {1H} CP MAS NMR spectra of hybrid materials obtained by TP of 1 































Table 1. Assignment of NMR signals (Figure 4) regarding ref. [1-6] 











119, 1JCF = 287 Hz 
(quartet) only the strongest lines are resolved 






















































Figure 5. 13C {1H} CP MAS NMR spectra of hybrid materials obtained by TP of 2 












Table 2. Assignment of NMR signals (Figure 5) regarding ref. [7]. 






































Figure 6. 13C {1H} CP MAS NMR spectra of hybrid materials obtained by SP of 
























3. EDX analyses of the hybrid materials 
 
Figure 7. EDX analyses of hybrid materials obtained by TP and SP. 






































































4. TGA of hybrid materials and PFA 
 
Figure 8. TGA traces of hybrid materials obtained by TP of 1 measured under air 
atmosphere.  
 

















































Figure 10. TGA traces of hybrid materials obtained by SP of FA/Ti(OiPr)4 measured 
under air atmosphere. 
 












































































 = 318 Hz 
5 NMR analyses of reaction solutions obtained by SP of TA/Ti(OiPr)4. 
 
Figure 12. 1H- (a) und 13C (b) NMR spectra of the lower colourless liquid which was 































No. 6 at 96 hours
No. 6 at 3 hours



















No. 6 at 96 hours
No. 6 at 3 hours
No. 6 at 1 hour
Figure 13. 1H- (a) und 13C (b) NMR spectra of thiophene-2-methanol and Exp.-No. 6 



























No. 22 at 4 months










No. 14 at 140 hours
No. 10 at 96 hours















No. 22 at 4 months
No. 18 at 4 months
No. 14 at 140 hours
No. 10 at 96 hours
No. 6 at 96 hours
S
CH2OH
Figure 14. 1H- (a) und 13C (b) NMR spectra of thiophene-2-methanol and Exp.-No. 6, 
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Fig. S1 Raman spectra of pristine sulphur and sulphur-doped carbon from synthesis 
of Aerosil® OX 50 and 66 m-% 1. No elementary sulphur was found in the sulphur-
doped carbon samples. 
 

















− 100 43.5 3.7 25.4 
300 89 35.6 2.9 20.8 
300 66 29.2 2.7 17.2 
300 33 12.9 1.6 9.6 
OX 50 66 29.8 2.5 17.2 
 
 







































− 100 80.3 0.8 15.5 
300 89 80.1 0.8 16.5 
300 66 73.8 1.5 11.5 
300 33 79.6 1.0 16.2 
OX 50 66 73.4 1.5 12.4 
OX 50* 66 90.4 2.2 2.3 
 *carbonized at 1100°C 
 
Fig. S2 Thermogravimetric analysis and mass spectrum (fragments released at 
380 °C) of the nanocomposite synthesized from 66 m-% 1 and Aerosil® OX 50. No 







Fig. S3 Representative thermogravimetric analysis of sulphur-doped carbon. The 
material was fully oxidized and did not contain any residual SiO2. 
 
 
Fig. S4 Representative thermogravimetric analysis and data from elementary 











 elemtary analysis: sulphur content = 5.7 % (6.5 %) 
 
bp. (MeSO3H) = 167 °C; mass loss = 21 % 
mass loss (th) = 19 % + 2 % 
 
(calculated loss       (loss of SiO2  
     for MeSO3H)            reference) 
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Fig. S5 Wide-scan XPS spectrum recorded from the sample, which was synthesized 







Table S3 Elemental composition of sulphur-doped carbon from synthesis of 1 and 










C 1s 284.5 89.32 80.26 
N 1s 399.3 4.89 5.86 
O 1s 532.1 5.79 13.88 
 
Table S4 Assignment of the component peaks of the high-resolution C 1s XPS 
spectrum (shown in Fig. E6). The C 1s spectrum was recorded from the sulphur-









Gr 284.5 65.37 sp2 bonded carbon[Si 1] 
C  286.1 5.52 C−O and C−S[Si 1] 















Table S5 Assignment of the component peaks of the high-resolution S 2p XPS 
spectrum (shown in Fig. E6). The S 2p spectrum was recorded from the sulphur-









M and M’  164.1 / 165.3 79.37 C−S[Si 1,3]  
N and N’ 165.0 / 166.2 6.36 oxidzed sulphur[Si 1] 




Monomer 1 was synthesized according to reference [9]. 
For polymerization in solution 2 g of 1 were added to 10 mL toluene. Then, 240 mg 
methanesulfonic acid were added. During stirring for 15 h at room temperature the 
solution slowly turned their colour to black. The reaction product was filtered off and 
and washed with dichloromethane. 1.1 g (yield: 50 %) of a brown solid were 
obtained. 
For polymerization on the silica surfaces 1.0 g Aerosil® were suspended in 200 mL 
dichloromethane. Then, 240 mg methane-sulfonic acid were added. After 
evaporating the solvent the acid-functionalized particles were suspended in 250 mL 
of toluene and 0.5, 2.0 or 8.0 g of monomer 1 dissolved in 50 mL toluene was given 
to the reaction mixture. After stirring for 15 h at room temperature the product was 
filtered off and washed with dichloromethane. Brown solids were obtained in a yield 
of 80 % in each case.  
Samples yielded from the polymerization were subsequently carbonized in an argon 
atmosphere (heat rate: 6.2 K min−1, 800 °C for 3 h). During the carbonization the 
masses decreased to 60 %. SiO2 was removed by samples’ treating with aqueous 
hydrofluoric acid. During this treatment the samples' masses decreased to 20 m-% 
for the template-free synthesis and 35 m-% for the polymerization on Aerosil®. The 





The solid state 13C-{1H}-CP-MAS-NMR-spectra were recorded at 9.4 T on a Bruker 
Digital Avance 400 spectrometer equipped with 4 mm double tuned probes capable 
of MAS at 12 kHz. 
Elementary analyses were carried out by Vario EL from Elementar Analysensysteme, 
Hanau. 
Raman spectra were measured using monochromatic light in the spectral region from 
infrared to ultraviolet, which was provided by three lasers: Kr+ Innova-300, ArA+ 
Innova-70, and HeCd Kimmon. The spectral analysis was performed by a Dilor XY 
800 triple monochromator equipped with a Peltier cooled Wright CCD detector. 
For the analysis of the specific surface area and pore size distribution in general 
nitrogen physisorption isotherms were measured at –196 °C using a fisons 
instruments Sorptomatic 1990. Prior to the measurement, the samples were activated 
in vacuum at 50 °C for 3 hours.  
Specific surface areas were calculated using the BET equation (p/po = 0.05−0.2; 0.3). 
The pore size distribution was estimated according to the QSDFT equilibrium model 
(QSDFT: Quenched Solid Density Functional Theory, for slit pores) using the 
Autosorb 1.56 software from Quantachrome.  
XPS studies were carried out by means of an Axis Ultra photoelectron spectrometer 
(Kratos Analytical, Manchester, England). The spectrometer was equipped with a 
monochromatic Al Kα (hν = 1486.6 eV) X-ray source of 300 W at 20 mA. The kinetic 
energy of the photoelectrons was determined with a hemispheric analyzer set to a 
pass energy of 160 eV for the wide-scan spectra and 20 eV for the high-resolution 
spectra. During all measurements, electrostatic charging of the sample was 
overcompensated by means of a low-energy electron source working in combination 
with a magnetic immersion lens. Later, all recorded peaks were shifted by the same 
amount, which was necessary to set the C 1s peak to 284.5 eV for unsaturated 
carbon species in a graphite-like lattice. Quantitative elemental compositions were 
determined from peak areas using experimentally determined sensitivity factors and 
the spectrometer transmission function. The spectrum background was subtracted 
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according to Shirley. The high-resolution spectra were deconvoluted by means of a 
computer routine. Free parameters of the component peaks were their binding 
energy, height, full width at half-maximum, and the Gaussian–Lorentzian ratio. 
The TEM analysis was done with a Tecnai F20 Field Emission TEM from FEI 
company. The different sulphur-doped carbon powders were dispersed with ethanol 
and put on a holey carbon filmed Cu-grid. The powders were imaged using standard 
bright TEM imaging.  
The thermogravimetric analysis were carried out using a Netzsch thermo-
microbalance TG 209 F1 Iris® with 85 µL Al2O3-pans, a He-flow of 25 mL min
−1 and a 
heating rate of 10 K min−1. Electron impact (70 eV) mass spectra were collected 
continuously with a coupling of the thermo-microbalance to a Netzsch mass 
spectrometer MS 403C Aëolos®.  
 
[SI 1] S.-A. Wohlgemuth, R. J. White, M.-G. Willinger, M.-M. Titirici, M. Antonietti, 
 Green Chem. 2012, 14, 1515. 
[SI 2] J. F. Moulder, W. F. Stickle, P. Sobol, K. D. Bomben, J. Chastain,  Handbook 
 of X-ray Photoelectron  Spectroscopy, Perkin-Elmer Corp, Eden Prairie, 
 1992. 
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Syntheses of the monomers 
All starting materials were received from commercial suppliers and used without 
further purification. All solvents were dried with appropriate drying agents and 
solvents were freshly distilled prior use.  
2,2‘-spirobi[4H-1,3,2-benzodioxasiline] (SBS) [1a], tetrafurfuryloxysilane (TFOS) [1d, R1], 
(μ4-Oxido)-hexakis(μ-furfuryloxo)-octakis(furfuryloxo)-tetra titanium (TiFu) 
[1e] and 2,2-
dimethyl-4H-1,3,2-benzodioxasiline (DBS) [R2] were synthesized according to the 
literature. 
 
Synthesis of tetrathenyloxysilane (TTOS) 
Excess of thenylalcohol and methanol were removed by distillation (130°C/8 mbar / 1 
hour) from the reaction mixture containing 16.62 g (0.1092 mol) tetramethoxysilane 
and 50.49 g (0.4422 mol) thenylalcohol and traces of potassium hydroxide, whereby 
the resulting yellow/orange liquid solidified at room temperature. Crystals of 
tetrathenyloxysilane were obtained in a yield of 87.1 % (45.70 g) by recrystallization 
from toluene/n-hexane (ratio: 40 ml/30 ml) at −15°C, washing with n-hexane (3 x 100 
ml) and removal of the solvent in vacuum. 
1H-NMR (CDCl3, 400 MHz): 2.91 (s, OH), 4.76 (s, CH2), 6.97-6.99 (m, 2H), 7.27 (dd, 
3JHH = 4.5 Hz, 4JHH = 1.8 Hz, 1H); 
13C-NMR (CDCl3, 100 MHz): 59.6 (CH2), 125.3, 125.4, 126.7, 143.9; 







Syntheses of the hybrid materials (experiment 1–3) 
 
Experiment 1: 
Synthesis of phenolic resin/poly(furfuryl alcohol)/silica hybrid material 
1.533 g (3.68 mmol) TFOS was dissolved in 2.5 ml dry dichloromethane under dry 
argon atmosphere at 25°C. 1.002 g (3.68 mmol) SBS was added to the stirred 
solution. After homogenization of the mixture 0.084 g (0.74 mmol) trifluoroacetic acid 
was added and the solution was stirred for two hours at 25°C. After three days 
without stirring the solvent was removed and a monolithic black solid was obtained. 
The solid was dried for three days at 40°C under reduced pressure, Soxhlet 
extracted with dichloromethane for 24 h and dried under vacuum at 40°C. 
 
Carbonization experiments 
Experiments were carried out in a muffle-type furnace. The samples were deposited 
in a quartz glass tube and heated up to 800°C under argon atmosphere with the 
heating rate being 2.3 K/min. The carbonization reactions were completed after three 
hours at this temperature. 
 
HF treatment of the carbonated hybrid material 
The carbonated hybrid material was suspended in aqueous HF (40 wt-%). After 24 h 
at 25°C the solution was decanted and the carbon was washed with water a few 







Synthesis of phenolic resin/silica/dimethylsiloxane hybrid material 
3.300 g (12.12 mmol) SBS and 2.185 g (12.12 mmol) DBS were mixed and heated at 
85°C under dry argon atmosphere to obtain a transparent melt. 0.276 g (2.42 mmol) 
of trifluoroacetic acid was added drop wise to the stirred melt. The reaction mixture 
was stirred for 4 hours at 85°C. The product was obtained as transparent monolithic 
resin/silica/dimethylsiloxane hybrid material. 
 
Experiment 3: 
Synthesis of poly(furfuryl alcohol)/ poly(thenyl alcohol)/silica/titanium dioxide 
hybrid material 
11.70 g (7.47 mmol) (μ4-Oxido)-hexakis(μ-furfuryloxo)-octakis(furfuryloxo)-tetra 
titanium and 12.73 g (26.48 mmol) tetrathenyloxysilane were dissolved in 147 ml 
toluene at room temperature under argon atmosphere. 1.70 g (6.01 mmol) 
trifluoromethanesulfonic anhydride in 1 ml toluene was added. After 16 hours, the 
resulting black composite material was filtered off and dried under vacuum at 40 °C. 
The product was obtained as black/green solid. 
 
Oxidation experiments 
Experiments were carried out in a muffle-type furnace. The samples were deposited 
in a quartz glass tube and heated up to 600°C under air atmosphere with the heating 
rate being 2.4 K/min. The oxidation reactions were completed after ten hours at this 
temperature. 
 
Solid State NMR Spectroscopy 
Solid state NMR spectra were collected at 9.4 T on a Bruker Avance 400 
spectrometer equipped with double tuned probes capable of MAS (magic angle 
spinning). 13C–{1H}-CP-MAS-NMR spectra were measured at 100.6 MHz in 4 mm 
standard zirconium oxide rotors (BRUKER) spinning at 12 kHz. Cross polarization 
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with a contact time of 5 ms was used to enhance the sensitivity. The recycle delay 
was 5 s. Spectra were referenced externally to tetramethylsilane (TMS) as well as to 
adamantane as secondary standard (38.48 ppm for 13C). 29Si–{1H}-CP-MAS-NMR 
spectroscopy was performed at 79.5 MHz using 7 mm rotors spinning at 5 kHz. The 
contact time was 3 ms and the recycle delay 5 s. Shifts were referenced externally to 
tetramethylsilane (0 ppm) with the secondary standard being 
tetrakis(trimethylsilyl)silane (-9.8, -135.2 ppm). All spectra were collected with 1H 
decoupling using a TPPM pulse sequence. 
 
Supporting Figure 1. a) 13C–{1H}-CP-MAS-NMR- and b) 29Si–{1H}-CP-MAS-NMR- 
spectra of the resulting hybrid material obtained by Simultaneous Twin 




Nitrogen physisorption isotherms were measured using a Sorptomatic 1900 





Supporting Figure 2. Nitrogen sorption isotherm of carbon derived from 




Results of the N2-sorption measurements 
N2 physisorption data of carbon derived from carbonization experiments of the 
phenolic resin/poly(furfuryl alcohol)/silica hybrid material (experiment 1). 
Calculation method : Dubinin/Horwath-Kawazoe Micro pore volume : 0.458 cm3/g 
Specific surface area : 1290 m2/g Monolayer volume : 296 cm3/g 
Relative volume of pore ranges (diameter)10–20 Å: 74.4 % 
 
Electron Microscopy Measurements 
EFTEM imaging was carried out at Leibniz Institute for Solid State and Materials 
Research Dresden by Dr. Thomas in cooperation with the department of Polymer 
Physics BASF SE. Tecnai F-30, Fa. FEI with HAADF STEM- and EDX detector and 
with Gatan Imaging Filter (GIF 200) were used. 
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REM Images and EDX Analyses 




EDX analyses show Si-rich areas as well as Ti/Si areas. Therefore, SZP of (μ4-
Oxido)-hexakis(μ-furfuryloxo)-octakis(furfuryloxo)-tetra titanium and 
tetrathenyloxysilane (experiment 3) forms TiO2/SiO2 but also pure SiO2. Ti-rich areas 
could not be determined by EDX analyses. 
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